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Summary
Decapentaplegic (Dpp), a member of the TGF-E superfamily, acts as a morphogen
to direct cell differentiation, determine cell fate and promote cell survival and
proliferation in Drosophila wing development. To investigate the role of Dpp in
Drosophila
 wing development, three aspects of the patterning role of Dpp have been
analyzed. First, I investigated the cellular responses to Dpp signaling by a loss of
function strategy. The consequences of lacking Dpp signal transduction on cell
morphology and tissue integrity were analyzed. Second, I investigated whether Dpp
signaling is down-stream of Hh signaling to maintain the normal cell segregation at
the A/P boundary by clonal analysis. Third, I investigated whether cross talk among
the Hh, Dpp and Wg signaling pathways exists and what its relevance for wing
patterning is.
To investigate the role of Dpp in Drosophila wing development, the general
strategies are to look at the phenotypes of loss-of-function and gain-of-function.
Mutant clones lacking Dpp signal transduction by knock down Dpp receptor Thick
veins (Tkv) do not survive in wing blade due to JNK dependent apoptosis. To get
larger mutant clones for analysis, JNK pathway was inhibited by knock down bsk
(encodes JNK) in mutant clones lacking Dpp signaling using FLP-FRT system.
Clones double mutant for tkv and bsk did not undergo apoptosis, but recovered at
very low frequencies compared to sibling clones. Here, I showed that the low
recovery of tkv bsk double mutant clones are due to the extrusion of mutant cells. tkv
bsk
 double mutant cells were shorter and formed cyst-like structures that lost contact
to the apical surface of the epithelium. I further confirmed the extrusion by
generating a positive maker that mutant clones were able to bulge out completely
and still touched the epithelium at the basal side. I provided a model to explain this
process that there is an apical pushing force between wild type cells and mutant cells
that compresses and pushes the mutant cells to basal section. The extrusion of tkv
bsk
 double mutant cells correlated with changes in the actin cytoskeleton and a
dramatic loss of the apical microtubule web normally present in these cells. These
results suggest that Dpp signaling is required for cell morphogenesis in Drosophila
wing development. We propose that Dpp acts as a survival factor in the wing disc
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epithelium by orchestrating proper cytoskeletal organization and maintaining normal
cell-cell contact.
Drosophila
 wing is subdivided into anterior (A) and posterior (P) compartments.
This developing into adjacent compartments is crucial for the patterning of
Drosophila
 wing. Previous study has shown that Hedgehog (Hh) signaling is
required in A cells to maintain the A/P boundary and is sufficient to specify A type
cell sorting. A previous study has in addition implicated the signaling molecule
Decapentaplegic (Dpp) in maintaining the A/P boundary. However, this study did
not address whether and in which cells, A and/or P, Dpp signal transduction was
required to maintain this boundary. Here, I have analyzed the role of components of
the Dpp signal transduction pathway and the relation of Dpp and Hh signaling in
maintaining the A/P boundary by clonal analysis. I showed that Dpp signaling
mediated by the Dpp target gene, T-box protein Optomotor-blind (Omb), is required
in A cells, but not in P cells, to maintain the normal position of the A/P boundary. I
further provided evidence that Hh signaling requires Omb-mediated Dpp signaling
to specify A type cell sorting. Moreover, I found that the shape of omb mutant
clones in the wing pouch is graded along the A/P axis and clones over expressing
Omb at different level in notum round up in a concentration-dependent manner.  We
propose that Omb confers a gradient of cell affinities of wing disc cells and that the
Omb-dependent cell affinities are required for Hh signaling to specify A type cell
sorting.
During patterning formation, it is essential for cells to receive precise positional
information to pattern the tissue. It has been proposed for a long time that different
signaling pathways such as Hedgehog (Hh), Dpp and Wingless (Wg) signaling
pathways provide positional information for tissue patterning in an integrated
manner. Recently, evidence of interactions between Hh and Dpp as well as Wg and
Hh signaling pathways has been reported in Drosophila wing. Here, I have
identified additional interactions among Hh, Dpp and Notch/Wg signaling. We
propose that the selector gene engrailed, Hh and Dpp signaling interact with each
other to regulate target genes expression and thus to pattern the wing along the A/P
axis. Further more, I showed that Dpp signaling is also participating in the
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patterning along the D/V axis by interaction with the selector gene apterous and
Notch/Wg signaling.
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4
1. Introduction
How to pattern a tissue?
How to form a pattern is a general question in biology. For example, the human
hand has five fingers and each finger has a nail. This pattern ensures that we
perform everyday tasks. How to pattern a tissue? This question attracts many
biologists’ interest to investigate it using different model systems.
One widely accepted idea originally based on grafting experiments is that organizers
control pattern formation. Spemann & Mangold first demonstrated that a specific
group of cells could function as an organizing center that specifies the
developmental fates of surrounding cells in a non-autonomous manner (Spemann
and Mangold, 2001). Cells located in the dorsal lip of the blastopore of an
amphibian embryo were able to organize a complete secondary dorsal-ventral body
axis when transplanted to an ectopic ventral location. The secondary axis consisted
of both host and graft tissues. This indicated that cells from the organizer region
were able to function at long-range to re-specify axial pattern on the surrounding
host cells in the embryo. Subsequently, other organizing centers have been
identified in vertebrate embryos by grafting experiments. Cells from the posterior
margin of the chick limb bud are able to induce a secondary axis when transplanted
to an ectopic anterior position in a host limb (Saunders and Gasseling, 1963; Tickle
et al., 1975). Similarly, the notochord functions as an inducer of the floorplate,
which in turn organizes dorsal-ventral pattern in the neural tube (Yamada et al.,
1991).
Thus, properly setting up an organizer and maintaining it are crucial for tissue
development and patterning. During tissue development, cells not only grow and
proliferate, but also subdivide into different units. Cells mix with one another in the
same unit but segregate from their neighbors at the border between two adjacent
units. This division into different units is the basis of multicellular organisms to
sculpt their body. Each non-mixing cell unit is called compartment (Blair, 2003;
Dahmann and Basler, 1999; Irvine and Rauskolb, 2001; Tepass et al., 2002;
Vincent, 1998). In the early 1970s, García-Bellido and his colleagues showed that
the developing appendages of Drosophila are subdivided into anterior (A) posterior
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(P) and dorsal (D) ventral (V) compartments (Bryant, 1970; Garcia-Bellido and
Merriam, 1971; Garcia-Bellido et al., 1973; Morata and Lawrence, 1975). The
relative straight lineage border that prevents cell mixing between adjacent
compartments is named compartment boundary (Garcia-Bellido et al., 1973;
Wieschaus and Gehring, 1976). Compartments were first recognized by virtue of the
boundaries of cell lineage restriction that separate them, and it was proposed that
these boundaries might serve as organizing centers responsible for pattern formation
in the developing appendages (Crick and Lawrence, 1975). The A/P and D/V
compartment boundaries each set up boundary cells as an organizer to control wing
patterning (Basler and Struhl, 1994; Diaz-Benjumea and Cohen, 1993).
Compartment boundaries have been illustrated very well to play a key role in
maintaining the shape and position of organizers during tissue development
(Dahmann and Basler, 1999).
Compartment boundaries have been found in more and more tissues and play an
essential role during tissue development. For example, in the development of the
vertebrate central nervous system, compartmentalisation is essential for proper
development. Specification of the forebrain, midbrain and hindbrain primordia
occurs during gastrulation in response to signals that pattern the gastrula embryo.
Between the midbrain and hindbrain forms a lineage boundary named
midbrain/hindbrain boundary (Irvine and Rauskolb, 2001; Rhinn and Brand, 2001;
Wurst and Bally-Cuif, 2001). lge/ctx boundary, diencephalic/mesencephalic
boundary, mesencephalic/synencephalic boundary, cortico/striatal boundary and
rhombomere boundaries are crucial for the subsequent brain development (Fishell et
al., 1993; Irvine and Rauskolb, 2001; Larsen et al., 2001; Scholpp et al., 2003).
Among them, rhombomere boundaries were well studied. During the hindbrain
subdivisions, neural plate/tube is gradually subdivided into several longitudinal units
called rhombomeres. The movement of neuroepithelial cells during development is
confined within some of these units (Figdor and Stern, 1993; Fishell et al., 1993;
Fraser et al., 1990). Such cell lineage restricted compartment units must be
significant in maintaining embryonic brain organization since boundaries prevent
cells from random intermingling during development.
During the chick limb development, the dorsal/ventral boundary is crucial for proper
patterning (Altabef et al., 1997). During Drosophila wing development, the wing
imaginal disc is subdivided into A and P compartments at very early stage and then
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further subdivided into D and V compartments at second instar larvae stage (Bryant,
1970; Garcia-Bellido and Merriam, 1971; Garcia-Bellido et al., 1973; Morata and
Lawrence, 1975). Both A/P and D/V boundaries set up boundary cells as organizers
to pattern the wing (Basler and Struhl, 1994; Diaz-Benjumea and Cohen, 1993).
Thus, the universal presence and crucial role in patterning of compartment
boundaries suggest that compartmentalization is one of the conserved
morphogenetic strategies of multicellular organisms to pattern and maintain their
body structure.
Organizers control patterning by secreting signaling molecules that direct
surrounding cells’ fate. A number of different signaling molecules have been
proposed as candidates to mediate organizer function. For example, microinjection
of mRNA encoding Wnt genes, activin or noggin, into blastomeres of amphibian
embryos mimics the effects of organizer grafts in generating a secondary body axis
(Harland, 1994; Slack, 1994). Similarly, beads soaked in retinoic acid mimic the
activity of the polarizing region when implanted into the anterior of a host limb bud
(Tickle et al., 1982). Vertebrate homologues of the Drosophila segmentation gene
hedgehog (hh)
 have been implicated as mediators of organizer activity in the dorsal
blastopore lip, the polarizing region of the chick limb, and in the notochord (Fietz et
al., 1994; Tickle and Eichele, 1994).
Signal molecules secreted from organizer control Drosophila wing patterning.
The selector gene engrailed (en) acts as a selector for the P cells by activating P-
specific expression of Hh and repressing the response to Hh in P cells (Blair, 1995;
Guillen et al., 1995; Hidalgo, 1994; Kornberg et al., 1985; Lawrence and Morata,
1994; Lee et al., 1992; Mohler and Vani, 1992; Poole et al., 1985; Sanicola et al.,
1995; Simmonds et al., 1995; Tabata et al., 1992; Tabata et al., 1995). This ensures
that only A cells are able to responding to Hh. Hh acts as a short range signal across
the A/P boundary to set up A boundary cells as an organizer (Basler and Struhl,
1994). Hh expression in posterior cells is required for development of both
compartments in the Drosophila imaginal discs (Basler and Struhl, 1994; Mohler,
1988). To determine whether hh transmits a signal between posterior and anterior
cells, Basler & Struhl produced clones of cells that express hh (Basler and Struhl,
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1994). hh expressing cells in the anterior compartment exert a non-autonomous
influence on the developmental fates of the surrounding wild-type cells that can lead
to axis duplication. This suggests that clones of hh expressing cells are able to direct
axis formation. A similar result has been obtained by grafting cells expressing Sonic
Hedgehog
 (Shh, a vertebrate homologue of hh, is expressed in the posterior region
of the chick limb bud, a region known to have polarizing activity) into the anterior
of the chick limb bud (Riddle et al., 1993). Shh expressing cells mimic the
organizing activity of the polarizing region and produce a duplication of the A/P
axis of the wing.
Although hh is expressed throughout the posterior compartment, clones of hh-
expressing cells can only organize the pattern in the anterior compartment. Hh acts
as a short-range signal across the A/P boundary to induce localized expression of the
TGF-E homologue Decapentaplegic (Dpp) in a stripe of A cells along the
compartment boundary (Basler and Struhl, 1994; Masucci et al., 1990; Padgett et al.,
1987). Ectopic expression of Dpp in either compartment of the wing is sufficient to
organize an ectopic A/P axis, and the ectopic axes are centered on the clones of Dpp
expressing cells (Capdevila and Guerrero, 1994; Zecca et al., 1995). Thus the role of
the Hh signal in A/P patterning is to induce localized expression of Dpp, which in
turn organizes pattern and controls growth symmetrically in both compartments.
Secreted morphogens such as Dpp are thought to spread through target tissues and
form long-range concentration gradients providing positional information (Lecuit et
al., 1996; Nellen et al., 1996; Singer et al., 1997; Zecca et al., 1995). Using a Dpp-
GFP fusion, Dpp trafficking was monitored in situ throughout the target tissue
during the formation of a long-range concentration gradient. Long-range Dpp
movement involves Dpp receptor and Dynamin functions. The rates of endocytic
trafficking and degradation determine Dpp signaling range. A model was suggested
that the spread of the Dpp ligand to receiving cells is mediated by receptor-mediated
planar endocytosis and the concentration gradient is formed by endocytic sorting of
Dpp toward recycling versus degradation (Entchev et al., 2000).
The receptors for Dpp, that include the type I receptor Thick veins (Tkv) and the
type II receptor Punt, mediate the transduction of Dpp signals into the cell
(Brummel et al., 1994; Letsou et al., 1995; Nellen et al., 1994; Penton et al., 1994;
Ruberte et al., 1995). In response to Dpp signaling, Tkv, which is phosphorylated by
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Punt, phosphorylates the Smad transcription factor, Mothers against dpp (Mad), to
pMad. pMad then binds to a related protein, Medea (Med), and this complex
translocates to the nucleus to transcriptionally regulate expression of Dpp target
genes (Raftery and Sutherland, 1999; Tanimoto et al., 2000; Zimmerman and
Padgett, 2000). In imaginal discs, Mad/Med and the zinc-finger protein Shn, repress
expression of the brinker (brk) gene, which encodes a direct repressor of Dpp target
genes (Arora et al., 1995; Campbell and Tomlinson, 1999; Grieder et al., 1995;
Jazwinska et al., 1999; Marty et al., 2000; Torres-Vazquez et al., 2000; Zhang et al.,
2001). The Brk repressor is distributed in a gradient invert to Dpp signaling and
functions to delimit the domains of two Dpp target genes spalt (sal) and  optomotor-
blind
 (omb) (Campbell and Tomlinson, 1999; Jazwinska et al., 1999; Minami et al.,
1999; Muller et al., 2003; Pflugfelder et al., 1992; Sivasankaran et al., 2000).
Cell proliferation and patterning must be coordinated for the development of
properly proportioned organs. If the same molecules were to control both processes,
such coordination would be ensured. This possibility has been investigated in the
Drosophila
 wing using the Dpp signaling pathway. Previous studies have shown
that Dpp forms a gradient along the A/P axis that patterns the wing, that Dpp
receptors are autonomously required for wing cell proliferation, and that ectopic
expression of either Dpp or an activated Dpp receptor, TkvQ253D, causes overgrowth
(Martin-Castellanos and Edgar, 2002). These findings are extended with a detailed
analysis of the effects of Dpp signaling on wing cell growth and proliferation.
Increasing Dpp signaling by expressing TkvQ253D accelerates wing cell growth and
cell cycle progression in a coordinate and cell-autonomous manner. Conversely,
autonomously inhibiting Dpp signaling using a pathway specific inhibitor, Dad
(Tsuneizumi et al., 1997), or a mutation in tkv, slows wing cell growth and division,
also in a coordinate fashion (Martin-Castellanos and Edgar, 2002).
The role of Dpp on wing and vein patterning is mainly mediated by the target genes.
Spalt (Sal), encodes a zinc finger transcription factor, is one of Dpp target gene that
is important for L2 vein patterning (de Celis and Barrio, 2000; de Celis et al., 1996;
Kuhnlein et al., 1994; Lunde et al., 1998; Reuter et al., 1996; Sturtevant et al.,
1997). The expression of sal in the wing pouch is strictly dependent on Dpp
signaling and occurs in a broad central domain that covers from the L2 provein until
the anterior limit of the L5 provein. Two main inputs of Dpp signaling have been
identified affecting sal expression. First, Brk represses sal expression, and Dpp is
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necessary to repress brk expression in the central domain of the wing by means of
Shn–Mad–Med complexes. A second input of Dpp is necessary to reach normal
levels of sal expression and occurs independently of Brk. Thus, tkv brk and mad brk
double mutant clones, which lack at the same time the repressor (Brk) and the
activators of the pathway (Tkv or Mad), still express sal, although at levels lower
than normal (Campbell and Tomlinson, 1999; Jazwinska et al., 1999; Marty et al.,
2000). These observations indicate that some activators of sal expression are
operative in the absence of Dpp signaling. A recent study revealed that sal genes
show a complex pattern of expression regulated by independent enhancer regions.
This enhancer contains Brk binding sequences, responsible for the repression of sal
in the lateral regions of the wing, and activator sequences that drive reporter gene
expression in the sal domain (Barrio and de Celis, 2004).
Another main mediator for Dpp on wing and vein patterning is T-box gene
optomotor-blind
 (omb), one of Dpp target genes. Members of the T-box family of
transcription factors have been identified in many different vertebrate and
invertebrate organisms. In vertebrates, T-box genes play essential roles in early
development, including specification of the mesoderm, and heart and limb
morphogenesis (Wilson and Conlon, 2002). Tbx genes share a DNA-binding domain
of 200 amino acids, the T-box, and, with the exception of Tbx2 and Tbx3, they are
transcriptional activators (Pflugfelder et al., 1992). It is not clear what functions T-
box genes have, and few target genes have been identified (Tada and Smith, 2001).
In Drosophila, at least eight different T-box genes have been identified (Brook and
Cohen, 1996; Kispert et al., 1994; Pflugfelder et al., 1992; Porsch et al., 1998; Reim
et al., 2003; Stathopoulos et al., 2002). omb is the best-characterized T-box gene in
the fly, has been implicated in the development of the optic lobe (Pflugfelder and
Heisenberg, 1995), and, is required for L5 vein patterning (Cook et al., 2004;
Grimm and Pflugfelder, 1996). In a recent report, omb is required to mediate several
Dpp functions: omb is required for the activation of sal and vg, the repression of tkv
and mtv and the repression of tkv by Mtv. Omb thus plays major roles downstream
of Dpp, both in shaping its activity gradient and in mediating the activation of target
genes (del Alamo Rodriguez et al., 2004).
An analogous system operates along the dorsal-ventral axis of the wing disc. The
LIM domain protein Apterous (Ap) acts as a selector for the dorsal cells (Blair et al.,
1994; Diaz-Benjumea and Cohen, 1993). By activating dorsal-specific expression of
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the Notch (N) ligand Serrate and the glycosyltransferase Fringe, which makes N
preferentially sensitive to the ventrally expressed ligand Delta (Dl), Ap allows N
activation specifically at the D/V boundary (Bruckner et al., 2000; Chung et al.,
1995; Doherty et al., 1996; Panin et al., 1997). N then activates Wingless (Wg), a
concentration-dependent organizer of the wing pouch, in a stripe of cells centered on
the D/V boundary (Diaz-Benjumea and Cohen, 1995; Neumann and Cohen, 1997b;
Rulifson and Blair, 1995; Zecca et al., 1996).
Wg activity is required at two distinct stages for development of the wing. In the
early stages, before establishment of the D/V boundary, removal of wg activity leads
to loss of the entire wing (Couso et al., 1993; Williams et al., 1993). Early ectopic
expression of wg is sufficient to induce an ectopic wing, which suggests a role for
wg
 in establishing the wing field (Ng et al., 1996). Subsequently wg is expressed in
a stripe of cells that straddles the D/V boundary as a result of interaction between
dorsal and ventral cells (Couso and Martinez Arias, 1994; Phillips and Whittle,
1993; Williams et al., 1993). By producing clones of cells that express Wg protein at
ectopic positions in the wing disc, Wg activity is sufficient to mediate the organizing
activity of the wing margin (Diaz-Benjumea and Cohen, 1995). Clones of Wg-
expressing cells are able to induce the formation of wing margin structures and
pattern duplications, providing direct evidence that the organizing activity of the
D/V compartment boundary is mediated by the Wg protein. Thus Wg serves a role
analogous to Dpp in the A/P axis patterning.
 
Cell affinity hypothesis
The fundamental idea from the above discussion is that the body would be
successively divided into smaller and smaller functional units. The compartment
hypothesis may be in large part correct, but only a very small subset of these units is
defined by cell lineage. However, although cell lineage restrictions may not be as
common as was originally anticipated, the role of differential cell affinities seems to
be critical and may be the dominant mechanism keeping cells that share a particular
identity together.
The cell adhesion properties of cells have for a long time been suggested to play a
role in the development of multicellular organisms (Steinberg, 1963). In Drosophila
cell affinity differences were originally described in experiments in which cells from
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imaginal discs of different types, leg and wing for example, were dissociated,
mixed, and cultured in vivo (Hadorn et al., 1959). The result was that cells from
different disc origins segregated away from each other and tended to reconstruct a
wing or leg pattern. In some cases this type of sorting behavior was also observed
with cells from different regions of the same disc (Garcia-Bellido, 1966; Garcia-
Bellido and Santamaria, 1972). These experiments suggest that cell affinities might
play a role in maintaining the separation of cells that have different identities.
Indeed, when examined, all the genes mentioned above apparently affect cell
affinities, such that cells expressing the same gene tend to stay together and
segregate away from neighboring cells that does not express the gene.
Although cell surface molecules that mediate the cell adhesion properties of
different developmental domains have not yet been identified, it has been shown
that different levels of the cell adhesion molecule DE-cadherin can cause cells to
sort away from their neighbors (Dahmann and Basler, 2000). In addition we also
know that these molecules are, at least in some cases, induced by secreted or cell-
surface signals. In the wing, A cells segregate from P cells because of the selector
gene en in P cells specifing P type cell sorting and Hh signaling in A cells
specifying A type cell sorting, respectively (Blair and Ralston, 1997; Dahmann and
Basler, 2000; Rodriguez and Basler, 1997). en mutant clones in P cells sort into A
compartment. Clones of cells in the A compartment that are mutant for smoothened,
a gene necessary for the transduction of the Hh signal, sort into the P compartment.
Dahmann and Basler described a model to explain how En and Hh signaling
segregate A/P cells by regulating the transcription of a putative cell affinity gene
(Dahmann and Basler, 2000).  This putative cell affinity gene is down regulated by
En in P cells and Ci[rep] in A cells away the A/P boundary where cells do not
respond to the Hh signaling, but up regulated by Ci[act] ( which is maintained by the
activated Smo as a consequence of responding to the Hh signaling) in A boundary
cells (organizer). Thus, at the A/P boundary, there is a sharp difference in the level
of a putative cell affinity molecule between A and P cells to maintain the
segregation boundary.
At the D/V boundary in the wing, ap also triggers a signaling mechanism that is
important for preventing D cells from mixing with V cells. The activation of fringe
(fng) in the D compartment by ap modulates the ability of the Notch ligands Delta
and Serrate to activate the Notch receptor (Rauskolb et al., 1999). Both fng and
INTRODUCTION
12
Notch
 are essential for the maintenance of the D/V boundary: Clones mutant for
either fng or Notch fail to recognize the boundary, even though there is normal ap
activity in the disc (Micchelli and Blair, 1999; Rauskolb et al., 1999). That
diffusible signals can trigger differences in cell affinity suggests that there may be
gradients of cellular affinities. Evidence for such gradients has recently been
obtained in the adult abdomen (Lawrence et al., 1999).
Two of Ap target genes that may contribute to this process are capricious (caps) and
tartan
 (trn); both encode leucine-rich repeat proteins that are specifically expressed
in the dorsal compartment at the time when affinity differences along this dimension
are established (Milan et al., 2001). Ectopic expression of either caps or trn in the
ventral compartment leads to cell death or to movement towards the DV boundary;
however, dorsal cells still maintain their dorsal affinity in the absence of both genes.
Further questions about patterning.
In general, pattern formation in vertebrates and invertebrates, includes cell growth,
survival, proliferation and differentiation, is controlled by several conserved
signaling molecules that cooperate to specify particular cell fates at different
threshold concentrations. One important response to signals is the establishment of
position-specific expression of genes that function at a local level to specify cell
fates. Dpp is known as survival factor that promotes cell survival in the Drosophila
wing pouch (Adachi-Yamada and O'Connor, 2002; Brook and Cohen, 1996;
Brummel et al., 1994; Martin-Castellanos and Edgar, 2002; Nellen et al., 1994;
Penton et al., 1994; Posakony et al., 1990). Clones lacking Dpp signaling, for
example, by removing Tkv function, were eliminated from the wing pouch. This is
due to a JNK dependent apoptosis in the mutant cells. How do tkv mutant cells
induce a JNK dependent apoptosis? To get large clones for analysis, apoptosis was
blocked in clones lacking Dpp signaling by generating tkv bsk double mutant clones
(bsk encodes JNK). We found that tkv bsk double mutant cells lose their normal
contact with neighboring cells and are excluded from the apical surface of the wing
disc epithelium. These events correlated with changes in the actin cytoskeleton, an
enrichment of F-actin and a dramatic loss of the apical microtubule web normally
present in these cells. Futher, in wild-type wing discs the appearance of the apical
microtubule web within cells correlated along the A/P axis with the signalling range
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of Dpp. We propose that Dpp acts as a survival factor in the wing disc epithelium by
orchestrating proper cytoskeletal organization and maintaining normal cell-cell
contact.
Dpp is a morphogen to control wing patterning in a concentration manner. Crucial to
this process, the position and shape of the organizer are essential for neighboring
cells to give rise to the exquisite patterning plans. The current model presented
above assumes that signals controlling A/P cell sorting are exclusively
unidirectional from P to A cells. A cells are known to signal back to P cells via Dpp.
It has therefore been proposed that A and P cells are specified for their sorting
behaviour by P to A and A to P signaling, respectively and that Dpp might be the A
to P signal involved (Blair and Ralston, 1997; Vincent, 1998). This proposal has
received support by the observation that in adult wings hypomorphic for Dpp the
A/P boundary is distorted (Hidalgo, 1994). However, this study did not address
whether and in which cells Dpp signal transduction is required for the maintenance
of the A/P boundary. Here, I have addressed these questions by analyzing the
segregation of marked clones of cells unable to transduce the Dpp signal at the A/P
boundary. We find that a transcriptional response to Dpp mediated by Omb is
required in A cells but not in P cells to maintain the A/P boundary. Further, we
provide evidence that Omb is required for Ci-mediated Hh signaling to specify A
type cell sorting. I also found that cells expressing Omb at different levels sort out
from one another in a concentration dependent manner. We propose that Dpp
signaling mediated by Omb confers differential cell affinities to wing disc cells and
is required for Hh signaling to specify A type cell sorting.
During the wing pattern formation, besides Dpp, Hh signaling is required for the
patterning of the center region (Mullor et al., 1997). For example, one of the Hh
target genes, the transcription factor collier (col) is involved in the L3 and L4
patterning (Crozatier et al., 2003; Crozatier et al., 2002). In addition, the morphogen
Wg, analogous to Dpp, control the patterning of the wing pouch along the D/V axis
(Neumann and Cohen, 1997b). Recently there is some preliminary evidence that
these three signaling pathways are integrated together to provide positional
information for cell fate determination. Hh signaling down-regulates Dpp signaling
in the organizer by down regulating the transcription of tkv, and this down
regulation is mediated by the Hh target gene master of thick veins (mtv) (Funakoshi
et al., 2001; Tanimoto et al., 2000). Wg and N signaling repress Hh target gene (for
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example, col) expression at the D/V boundary (Glise et al., 2002).  In addition, the
selector proteins En and Ap are also important for cell fate determination.  Thus, in
the wing pouch there should be a complicated cross talk among these different
patterning cues to collaborate to trigger a cellular response. It would be useful to
understand how cells integrate different patterning information if the molecular
mechanism of cross talk is further revealed. Here, to reveal more details of the cross
talk among these three signaling pathways, the changes of Hh and Wg signaling as
well as the selector proteins En and Ap were monitored in clones lacking Dpp
signaling. The results showed that Dpp signaling is required for one of the Hh target
gene, col, expression, and for the repression of N/Wg close to the D/V boundary. In
addition, Dpp signaling is required to maintain the normal expression of En and to
repress the expression of Ap in V compartment. These results suggest that the cross
talk among Hh, Dpp and Wg signaling pathways is present and these three signaling
pathways integrate together to pattern the wing pouch.
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2. Materials and Methods
Flies were maintained at 25 oC and changed into new tubes with fresh food every
second day.
Mutant alleles:
tkva12: Loss-of-function of Thick veins (Nellen et al., 1996).
Df(2L)flp147
 or bskflp147: Loss-of-function of JNK (Riesgo-Escovar et al., 1996).
madB1: Loss-of-function (Wiersdorff et al., 1996).
mad12: Loss-of-function (Raftery et al., 1995).
bks1: Loss-of-function of Mtv (Senti et al., 2000).
bks2: Loss-of-function of Mtv (Senti et al., 2000).
Df(2L)32FP-5: Loss-of-function of Spalt-major and Spalt-related (Barrio et al.,
1999).
omb3198: Loss-of-function (Pflugfelder et al., 1990).
brkxh: Loss-of-function (Campbell and Tomlinson, 1999).
Transgenes:
hs-FLP: (Struhl and Basler, 1993)
brk-lacZ: (from Gerard)
omb-lacZ: (Sun et al., 1995)
sal-lacZ: (from K. Basler)
en-lacZ: (Hama et al., 1990)
hh-lacZ: (Lee et al., 1992)
ap-lacZ: (from K. Basler)
tub-mad: (from K. Basler)
ubi-GFP: (Davis et al., 1995)
act5c>CD2>GAL4: (Pignoni and Zipursky, 1997)
tub>CD2>GAL4: (from L. Zipursky)
ptc-GAL4: (from E. Knust)
hh-GAL4: (from K. Basler)
UAS-dad: (Tsuneizumi et al., 1997)
UAS-tkv: (from K. Basler)
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UAS-GFP: (from B. Dickson)
UAS-dppGFP: (Entchev et al., 2000)
UAS-omb: (Grimm and Pflugfelder, 1996)
UAS-Ci: (Dahmann and Basler, 2000)
UAS-p35: (Zhou et al., 1997)
Genetic mosaic analysis:
1. bsk mutant clone:
y w hsp-flp; Ubi-GFP FRT40/bsk FRT40
2. tkv bsk double mutant clone:
y w hsp-flp; Ubi-GFP FRT40/tkv[a12] bsk FRT40
3. Meiotic recombination of mad bsk. To generate a fly stock with the genotype
madB1 tkva12 FRT40, meiotic recombination was used. The scheme was as follows:
y w hsp-flp; mad[B1] FRT40/CyO u w; bsk FRT40/CyO
           y w hsp-flp; mad[B1] FRT40/bsk FRT40 u y w hsp-flp; sp/CyO
Collect 40 CyO males: ?/CyO
8% males were recombinant. To screen which male was recombinant, single male
was crossed to y w hsp-flp; sp/CyO (A), y w hsp-flp; mad[B1] FRT40/CyO (B) and
w; bsk FRT40/CyO (C) respectively.  Check next generation, if all the flies from (B)
and (C) are CyO, then make the stock “y w hsp-flp; mad[B1] bsk FRT40/CyO”
from (A).
4. mad bsk double mutant clone:
y w hsp-flp; mad[B1] bsk FRT40/ Ubi-GFP FRT40
5. mtv mutant clone:
y hsp-flp; hs-CD2 FRT42 /mtv FRT42
6. sal mutant clone:
y w hsp-flp; SMyc [w+] FRT40/sal FRT40
7. omb mutant clone:
w omb[3198] FRT19/ y w hsp-flp hs-GFP FRT19
8. mad brk double mutant clone:
tub-mad hs-GFP FRT18/brk[xh] FRT18; mad[B1]/mad[12]
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9.UAS-tkv clone:
y w hs-flp; tub>CD2>GAL4/+; UAS-tkv/+
10. UAS-omb clone:
y w hs-flp; tub>CD2>GAL4/+; UAS-omb/+
11. P origin UAS-GFP clone:
w tubP-GAL80 hs-FLP FRT19/FRT19; hh-GAL4/UAS-GFP
12. P origin UAS-Ci UAS-GFP clone:
w tubP-GAL80 hs-FLP FRT19/FRT19; UAS-Ci UAS-GFP [y+]/+; hh-GAL4/+
13. P origin omb mutant UAS-Ci UAS-GFP clone:
w tubP-GAL80 hs-FLP FRT19/omb[3198] FRT19; UAS-Ci UAS-GFP [y+]/+; hh-
GAL4/+
14. Over-expressing Tkv in Dpp producing domain:
y w; ptc-GAL4/+; UAS-tkv/+
15. Over-expressing DppGFP in Dpp producing domain:
y w; ptc-GAL4/UAS-dppGFP
16. Over-expressing DppGFP and Tkv in Dpp producing domain:
y w; ptc-GAL4/UAS-dppGFP; UAS-tkv/+
17. Over-expressing p35 in P compartment:
y w; en-GAL4/+; UAS-p35/+
18. Over-expressing p35 and Dad in P compartment:
y w; en-GAL4/UAS-dad; UAS-p35/+
19. Over-expressing p35 in D compartment:
y w; ap-GAL4 tubP-GAL80[ts]/+; UAS-p35/+
20. Over-expressing p35 and Dad in D compartment:
y w; ap-GAL4 tubP-GAL80[ts]/ UAS-dad; UAS-p35/+
Heat-shock condition:
Larvae were heat-shocked at 48 h AEL for 0.5 h in a water bath at 36-38°C. For the
time course of tkv bsk double mutant clone, Larvae were heat-shocked at 24 h, 48 h,
72 h and 96 h AEL for 0.5 h in a water bath at 37°C.
Mounting of wings
Flies were stored in a 1:3 glycerol/ethanol solution, then dissected and washed with
70% and 100% ethanol, and wings were mounted in Euparal (from Eaton).
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Immunohistochemistry
Dissect wandering larvae in Ringer’s solution. Dissected larvae were fixed in 5%
formaldehyde for 30 min. Dissected larvae were rinsed 4 times in PBT and then
washed for 1 hour in PBT. Imaginal discs were stained by the primary antibodies
over night in 4 oC. The specific primary antibodies used were:
Primary antibody Working
dilution
Source
Rabbit anti ps1/pMad 1:1500 P. ten Dijke
Rat anti DCAD 1 and DCAD 2 1:100 Hiroki Oda
Rabbit antiEgal 1:2000 ICN Biomedicals
Rabbit anti GFP  Clontech
Rabbit anti P35  Biocarta
Mouse antiEgal  Promega
Mouse anti D-tubulin  Sigma
Rabbit Cleaved Caspase-3 (Asp175) £   ¢ ¢ Cell Signaling Technology
Rabbit anti SAS (Drosophila Stranted at
Second)
 Mueller lab
Mouse anti CD2  Serotec
Rat anti Ci 2A1  Holmgreen
Mouse anti Ptc £   ¢ Isabel Gerrero
Rabbit anti Col 1:200 Vincent A.
Mouse anti Wg 1:750 Eaton
Mouse anti En 4D9 1:500 Developmental Studies
Hybridoma Bank
Dissected larvae were rinsed 4 times in PBT and then washed for 1 hour in PBT.
Imagnal discs were stained by secondary antibody for 1 hour at room temperature.
The specific secondary antibodies used were:
Secondary antibody Working
dilution
Source
Goat anti rabbit Alexa 488 1:200 Molecular Probes
Goat anti rabbit Alexa 594 1:200 Molecular Probes
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Goat anti mouse Alexa 488 1:200 Molecular Probes
Goat anti mouse Alexa 488 1:200 Molecular Probes
Goat anti rabbit Cy5 1:200 Jackson Immuno Research
Donkey anti rat Cy5 1:200 Jackson Immuno Research
Goat anti mouse TR (Texas Red) 1:200 Molecular Probes
Other dyes used were:
Name Working
dilution
Source
rhodamine phalloidin 1:200 Molecular Probes
Dapi 1:1000 Molecular Probes
Dissected larvae were rinsed 4 times in PBT and then washed for 1 hour in PBT.
Imaginal discs were mounted in PPDA and stored at –20 oC. Images were recorded
on a LSM510 Zeiss confocal microscope.
The discs of ptc-GAL4/UAS-Dpp-GFP and ptc-GAL4/UAS-Dpp-GFP; UAS-tkv
were fixed in 4% paraformaldehyde. GFP fluorescence was scanned on a LSM510
Zeiss confocal microscope.
Cryosectioning:
1. After secondary antibody staining, imaginal discs were re-fixed for 20-30
min in 4% Paraformaldehyde, wash 3 times.
2. Imaginal discs were kept in 30% sucrose and stored at 4 qC overnight.
3. To get visible color discs for the determination of starting site of sectioning,
few discs were stained for 30 min in toluidin blue to get blue discs.
4. Discs were embedded in tissue-tek and orientated them in wanted direction
(start with a blue disc and end with another).
5. Freeze them and start sectioning at a 25-30 Pm interval using a cryostat.
Measurements and Statistics
Wing imaginal discs were recorded on a Zeiss confocal microscope. The perimeters
of the clones were traced with the help of the freehand selection tool of the NIH
Image v. 1.61 program. The area (A) and perimeter (L) of each clone were
PHDVXUHG$PHDVXUHRI WKH VKDSH RI WKH FORQHV $/ZDV XVHG (Lawrence et
MATERIALS AND METHODS
20
al., 1999). A measure of the percentage of misplaced clonal area (The area of
misplaced clonal cells/The area of whole clone u100) was used. A measure of clonal
position (The distance from the A/P boundary to the center of clone/ The distance
from the A/P boundary to the edge of disc) was used. The t-test of the difference
between two means (Sokal and Rohlf, 1995)was carried out to determine if two
different groups of data differs. Pixel intensities were measured using the Zeiss
LSM510 software.
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3. Results
To investigate the role of Dpp in Drosophila wing development, three aspects of the
patterning role of Dpp have been analyzed. First, I investigated the cellular
responses to Dpp signaling by a loss of function strategy. The consequences of
lacking Dpp signal transduction on cell morphology and tissue integrity were
analyzed. Second, I investigated whether Dpp signaling is down-stream of Hh
signaling to maintain the normal cell segregation at the A/P boundary by clonal
analysis. Third, I investigated whether cross talk among the Hh, Dpp and Wg
signaling pathways exists and what its relevance for wing patterning is.
Part1: Dpp signaling regulates cell morphogenesis in Drosophila wing
development.
3.1 Dpp uses other mechanisms in addition to preventing JNK-mediated
apoptosis to promote the survival of cells in the wing pouch.
To investigate the role of Dpp in Drosophila wing development, the general
strategies are to look at the phenotypes of loss-of-function and gain-of-function.
Dpp acts as not only a morphogen to determine cell differentiation, but also a
survival factor for cells. Mutant clones lacking Dpp signal transduction due to
inactivation of Dpp receptor Tkv do not survive in wing blade due to JNK
dependent apoptosis (Adachi-Yamada et al., 1999); Fig. 1 a). To get larger mutant
clones for analysis, JNK pathway was inhibited by knock down bsk in mutant clones
lacking Dpp signaling using FLP-FRT system (Xu and Rubin, 1993). Clones double
mutant for tkv and bsk did not undergo apoptosis as visualized by staining for
activated Caspase-3. Activated Caspase-3 staining was previously shown to be a
maker for apoptosis in Drosophila (Srinivasan et al., 1998). Mutant in bsk is
sufficient to repress apoptosis that was visualized by non Caspase-3 staining in tkv
bsk
 double mutant cells except few staining in neighboring wild type cells (Fig. 1 b).
However, When clones double mutant for tkv and bsk induced during first instar
larval stage, only 24% (n=187) of tkv bsk double mutant clones were recovered in
the pouch region of late third instar wing imaginal discs compared to sibling control
clones. Control bsk mutant clones generated in parallel were recovered at high
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frequency (97%, n=100). The low recovery of tkv bsk double mutant clones suggests
that Dpp uses other mechanisms in addition to preventing JNK-mediated apoptosis
to promote the survival of cells in the wing pouch.
Figure 1
 Dpp signaling represses JNK-mediated apoptosis.
a. In wing pouch, tkv mutant clones are eliminated while sibling clones (+) survive normally. b. tkv
bsk
 double mutant clones (-) show no detectable cleaved caspase-3 staining (red). Cleaved caspase-3
staining is observed in cells adjacent to the clone.
3.2 The low recovery of tkv bsk double mutant clones in the wing pouch is
due to the extrusion of mutant cells.
The low recovery rate of tkv bsk double mutant clones suggested that the majority of
clones are removed from the wing disc epithelium. One possibility is that tkv bsk
double mutant clones were removed from an epithelium by extrusion. To test
whether tkv bsk double mutant clones are extruded, we generated tkv bsk double
mutant clones during first instar larval stage and analyzed their morphology in the
third instar wing disc pouch. In the pseudostratified epithelium (Fig. 2 a), control
bsk
 single mutant clones had a normal elongated shape (Fig. 2 b). In contrast, tkv bsk
double mutant clones were shorter along their apical-basal axis and had lost their
normal contact to the apical surface of the epithelium (Fig. 2 c). Further, tkv bsk
double mutant cells had formed a ring like structure of E-cadherin-based junctions
in the center of the clone and lost E-cadherin-based junctions to neighboring wild
type cells (Fig. 2 d, e). Thus, tkv bsk double mutant clones formed cyst-like
structures within the epithelium. To test whether the apical basal polarity of the tkv
bsk
 double mutant clones was defected, the apical marker Stranded at second (Sas)
staining was stained. Sas staining was located inside of E-cadherin-based junctions
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and faced an additional lumen in the centre of the clone (Fig. 2 f). This suggests that
the apical basal polarity is not affected in the tkv bsk double mutant clones.
To confirm further that clones lacking Dpp signaling formed cyst-like structures
within the epithelium, clones of cells double mutant for Mad (encoding a
transcription factor of the Smad family essential for Dpp signal transduction,
Mothers against Dpp) and bsk were generated under similar conditions as tkv bsk
double mutant clones. mad bsk double mutant clones formed cyst-like structures
similar to tkv bsk clones (Fig. 2 g-j). Thus, clones lacking Dpp signal transduction
were shorter and formed cyst-like structures that lost contact to the apical surface of
the epithelium, this first indicate that these mutant clones are being extruded.
Figure 2
 Dpp signaling is required for maintaining cell morphology.
a. In imaginal discs, a monolayer of epithelial cells is arranged in a sac-like structure with the apical
sides facing a lumen. Cells of the pseudostratified epithelium (PE) are much more elongated than
peripodial membrane (PM) cells. b-j, Optical cross sections of wing discs. b. Control bsk mutant
clones (lack of green staining) have a normal shape and show normal E-cadherin staining (blue). c.
tkv bsk
 double mutant clones (lack of green staining) are shorter and have lost contact from the apical
surface of the PE (arrowhead). d. tkv bsk double mutant cells form E-cadherin-based junctions with
one another in the centre of the clone (arrow). e. Merge of panels c and d. f. The apical membranes of
tkv bsk
 double mutant cells (as identified by Sas, red) face the centre of the clone. E-cadherin staining
is shown in green.  g. mad bsk double mutant clones (lack of green staining) are shorter and have lost
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contact from the apical surface of the PE. h. mad bsk double mutant cells form E-cadherin-based
junctions with one another in the centre of the clone (arrow). i. Merge of panels g and h. j. The apical
membranes of tkv bsk double mutant cells (as identified by Sas, red) face the centre of the clone. E-
cadherin staining is shown in green.
To test further whether the low recovery of tkv bsk double mutant clones in the wing
pouch is due to the extrusion, mutant clones were generated at different times during
development. The frequency of cyst-like structures and the recovery rate of clones
in the wing pouch region of imaginal discs were then analyzed at the late third instar
larval stage (Fig. 3 a). 24 h after clone induction, 99% of tkv bsk double mutant
clones (compare to sibling clones) were recovered (n=93). At this time point, tkv bsk
double mutant cells still had contact to the apical surface of the epithelium and
appeared to make normal E-cadherin-based junctions with neighboring cells (Fig 3
b). Dpp signal transduction, as revealed by staining for pMad, was undetectable in
the clones (Fig. 3 d-f), suggesting that Dpp signaling was removed completely at
very early stage. The earlier tkv bsk double mutant clones were generated, the fewer
clones were recovered and the higher the extent of extrusion to the basal side of the
epithelium was (Fig. 3 c). At 96 h after clone induction, only 20% of the clones
were recovered (n=44), the majority of which were partially extruded and had
formed cyst-like structures that bulged out from the basal side of the epithelium
(Fig. 3 b). To confirm further that tkv bsk double mutant clones could be extruded
completely, mutant clones were generated with GFP positive maker using MARCM
(Mosaic Analysis with a Repressible Cell Marker) system (Lee and Luo, 2001). tkv
bsk
 double mutant and GFP over expressing clones were located out of the
epithelium (Fig. 3 b’), suggesting that tkv bsk double mutant clones could be
extruded and lost from the epithelium. This suggests that the low recovery rate of
tkv bsk
 double mutant clones in the wing pouch is due, at least in part, to the
extrusion of clones from the basal side of the epithelium.
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Figure 3
 Time course of extrusion of tkv bsk mutant clones.
a.
 Time-line indicating when larvae were heat-shocked before analysis of wing imaginal discs of late
third instar larvae. b. Optical cross sections of wing discs (green staining) with tkv bsk double mutant
clones (lack of green staining). E-cadherin staining is shown in red. Arrows point to E-cadherin
staining in mutant clones. Note the clone that is completely extruded from the plane of the epithelium
at 72 h (b’). Larvae were heat-shocked at indicated times before dissection. c. Ratio of tkv bsk double
mutant clones per sibling clones in percent. Quantification of the extent of extrusion, as indicated by
the drawings on the upper left corner, for each time point. d. tkv bsk double mutant clones (lack of
green staining) 24 h after clone induction. e. phosphorylated Mad (pMad) staining is reduced in tkv
bsk
 clones (arrows). f. Merge of panels d and e.
To test whether extruded tkv bsk double mutant cells differentiate and survive to
adulthood, mutant clones were generated in larvae and analyzed in the adult wings.
Many tkv bsk double mutant clones were recovered in adult wings as extruded cyst-
like structures located between the dorsal and ventral wing surfaces (Fig. 4 a-d).
These tkv bsk double mutant cells formed hairs (pointing to the center of the clone),
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which are the characteristic structures of the adult epithelium, indicating that the
extruded mutant cells were alive and had undergone differentiation. Thus, in the
absence of JNK-dependent apoptosis cells unable to transduce the Dpp signal are
extruded and can survive.
Figure 4
 
tkv bsk
 double mutant clones form cyst-like structures in the adult wing.
a. tkv bsk double mutant clones form cyst-like structures in the adult wing (arrow). b-d. tkv bsk
double mutant clones appear to be embedded between dorsal and ventral surfaces of the wing and
form hairs pointing to the centre of the clone. High magnification of the dorsal (b), middle (c) and
ventral (d) views of the wing area marked by the arrow in (a).
3.3 Dpp signaling is required for the maintenance of the cell cytoskeleton
during Drosophila wing development.
The shape of animal cells is mainly determined by their cytoskeleton. Since the cell
shape was changed in tkv bsk double mutant clones, which suggested defects in the
cytoskeletal organization in these cells could have occurred. To test this possibility,
filamentous actin (F-actin) and the microtubule cytoskeleton using phalloidin and D-
tubulin staining were analyzed in tkv bsk double mutant clones, respectively. Both
F-actin and apical and basal microtubule webs were normal in bsk control clones
(Fig. 5 a-b). Interestingly, F-actin was highly enriched at the centre of the tkv bsk
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clones (Fig. 5 c). The basal microtubule web appeared to be normal in tkv bsk
double mutant cells. However, the apical microtubule web was dramatically reduced
(Fig. 5 d). Similarly, F-actin was increased and the apical microtubule web was
highly decreased in mad bsk double mutant clones (Fig. 5 e-f). These results suggest
that Dpp signaling is required for the maintenance of a normal cell cytoskeleton
characteristic for columnar wing disc cells during Drosophila wing development.
Figure 5
 Clones lacking Dpp signaling lead to cytoskeletal defects.
a. F-actin, as identified by phalloidin staining (red), is normal in bsk mutant clones (lack of green
staining). b. The apical microtubule web (arrow), as identified by D-tubulin staining (red), overlaps
with E-cadherin staining (blue) in wild-type cells and is normal in bsk mutant clones (lack of green
staining). c. F-actin, as identified by phalloidin staining (red), is increased in the centre of tkv bsk
double mutant clones (lack of green staining). d. The apical microtubule web (arrow), as identified
by D-tubulin staining (red) is highly reduced in the tkv bsk double mutant cells (lack of green
staining). e. F-actin, as identified by phalloidin staining (red), is increased in the centre of mad bsk
double mutant clones (lack of green staining). f. The apical microtubule web (arrow), as identified by
D-tubulin staining (red) is highly reduced in the mad bsk double mutant cells (lack of green staining).
3.4 Sharp discontinuity of Dpp signal transduction leads to cytoskeletal
defects.
To distinguish whether the cytoskeletal defects in mutant clones lacking Dpp
signaling is due to the sharp discontinuity of Dpp signal transduction at the clonal
border or lack of Dpp signaling itself, Dad (a repressor of Dpp signaling) was over
expressed in either D or P compartment and F-actin and the apical microtubule web
were detected. When UAS-dad and UAS-p35 were co-over expressed to repress
Dpp signaling and apoptosis in D compartment of wing imaginal, the apical
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microtubule web in D cells was lost dramatically compared to V cells and control
experiment (Fig. 6 a, d). However, the F-actin in D cells was normal except that the
D/V boundary cells accumulated F-actin and were shorter than neighboring cells
and formed a fold (Fig. 6 e). Further, a small group of D cells labeled by p35
staining were extruded into V compartment and formed a cyst clone (Fig. 6 f). This
group of D cells might be from the D boundary cells because these cells were
shorter and pushed to basal side of V compartment compared to the control (Fig. 6
b, e-f). When UAS-dad and UAS-p35 were co-over expressed to repress Dpp
signaling and apoptosis in P compartment of wing imaginal discs, the result was
similar to Dpp signaling repressed in D compartment. The apical microtubule webs
in P cells were lost dramatically compared to A cells and control experiment (Fig. 7
f-i). The F-actin in P cells was normal except that the A/P boundary cells
accumulated F-actin and were shorter than neighboring cells and formed a fold (Fig.
7 g). Further, a big gap was generated in the adult wing (Fig. 7 j). These results
suggest that Dpp signaling is required for the maintenance of the apical microtubule
web and that the sharp discontinuity of Dpp signal tranduction is the cause of
cytoskeletal defect especially the cell shape changes.  Further, these results indicate
that cell shape changes caused by lack of Dpp signaling always correlate with the F-
actin accumulation, but not the loss of the apical microtubule web.
Figure 6
 Sharp discontinuity of Dpp signaling leads to cytoskeletal defects.
a-c. Control experiment of over expressing p35 in D compartment. a. The apical microtubule web, as
identified by D-tubulin staining is normal. b. F-actin, as identified by phalloidin staining (red), is
normal. D cells are marked by p35 staining. c. Merge of panels a and b. The D/V boundary is drawn
by white dash line according to p35 staining. The apical microtubule web in D cells is indicated by
arrow. d-f. Co-over expressing Dad with p35 in D compartment to repress Dpp signaling. d. The
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apical microtubule web, as identified by D-tubulin staining is highly reduced in D cells. e. F-actin, as
identified by phalloidin staining (red), is increased and forms a fold at the D/V boundary. D cells are
marked by p35 staining. f. Merge of panels d and e. The D/V boundary is drawn by white dashed line
according to p35 staining. The apical microtubule web in D cells is indicated by arrow. Note that a
group D cells (marked by p35 staining and arrow head) locates in V compartment.
Figure 7
 Sharp discontinuity of Dpp signaling leads to cytoskeltal defects.
a-e. Control experiment of over expressing p35 in P compartment. a. The apical microtubule web, as
identified by D-tubulin staining is normal. b. F-actin, as identified by phalloidin staining (red), is
normal. c. D cells are maked by p35 staining. d. Merge of panels a-c. The apical microtubule web in
D cells is indicated by arrow. e. Adult wing is normal. f-j. Co-over expressing Dad with p35 in P
compartment to repress Dpp signaling. f. The apical microtubule web, as identified by D-tubulin
staining is highly reduced in P cells. g. F-actin, as identified by phalloidin staining (red), is increased
and forms a fold at the A/P boundary. h. P cells are marked by p35 staining. i. Merge of panels f-h.
The apical microtubule web in P cells is indicated by arrow. j. A big gap in the adult wing.
3.5 Loss of the apical microtubule takes place later than the extrusion of
mutant cells lacking Dpp signaling.
Another way to test whether the loss of apical microtubule web correlates with the
cell shape changes in mutant clones lacking Dpp signaling is to visualize whether
the loss of the apical microtubule web occurred earlier or at least simultaneously
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than the initiation of extrusion of mutant cells. 24 hours old tkv bsk double mutant
clones initiated extrusion, but the apical microtubule web of mutant cells was still
normal (Fig. 8 a-d). This suggests that the loss of apical microtubule web in mutant
cells occurred later than cell extrusion. This further indicates that the loss of the
apical microtubule web is the consequence of lacking Dpp signaling, but not the
cause of extrusion.
Figure 8
 The initiation of extrusion takes place earlier than the loss of the apical microtubule web.
a. tkv bsk double mutant clones (lack of green staining) 24 h after clone induction. b. E-cadherin
based junctions (arrow) start to drop down in tkv bsk double mutant cells. c. The apical microtubule
web (arrow), as identified by D-tubulin staining (red) is not reduced in tkv bsk double mutant cells. d.
Merge of panels a-c.
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3.6 Clones with ectopic Dpp signaling at the periphery of wing pouch slightly
increased the apical microtubule web.
Since Dpp signaling is required for the maintenance of the apical microtubule web,
it is necessary to know whether gain of function of Dpp signaling is sufficient to
activate the apical microtubule web. To test this, tkvQ-D, a constitutive activated form
of Tkv, was over expressed in clones to detect the apical microtubule web. When
tkvQ-D clones were located at the periphery of wing pouch, where normally Dpp
signaling is low and the apical microtubule web is weak, they slightly increased the
level of the apical microtubule web (Fig. 9 a-b). Further, they often induced a small
fold at the clonal border (Fig. 9 c-d), this is consistent with above conclusion that
sharp discontinuity of Dpp signal transduction induce cytoskeletal defect. This
experiment suggests that Dpp signaling have some role to promote the formation of
the apical microtubule web in wing pouch of imaginal disc.
Figure 9 Dpp signaling promotes the formation of the apical microtubule web.
a-d. Over expressing tkvQ-D in clones to increase Dpp signaling. a. phosphorylated Mad (pMad)
staining is used to show a highly increased Dpp signaling in tkvQ-D clones (arrow). b. The apical
microtubule web (arrow), as identified by D-tubulin staining (green) is increased in tkvQ-D over
expression cells. c. F-actin, as identified by phalloidin staining (red), is increased and forms a fold at
the clones’ border.  d. Merge of panels a-c.
3.7 Dpp signaling transduction domain correlates with apical microtubule
web domain in Drosophila wing imaginal disc.
The experiments of loss of function and gain of function of Dpp signaling suggest
that Dpp signaling is required and promote the fomation of the apical microtubule
web in wing pouch. To test whether Dpp signalling activity correlated with the
presence of the apical microtubule web along the A/P axis in wing imaginal discs,
we visualized Dpp signaling activity. It has been shown that Dpp signaling activity
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along the A/P axis is confined to the wing pouch region with peak levels at its
centre. Wing imaginal discs expressing the brk-lacZ reporter (a read-out for the
absence of Dpp signaling) were stained to visualize the Dpp signaling domain
(Campbell and Tomlinson, 1999; Jazwinska et al., 1999; Minami et al., 1999). The
apical microtubule web was most prominent in the centre of the wing pouch and was
reduced at the periphery. The domain of the apical microtubule web is
complementary with the absence of Dpp signalling activity (Fig. 10 a-d). Thus, the
presence of an apical microtubule web correlates with Dpp signalling activity along
the A/P axis of wild-type wing discs, suggesting that Dpp signalling controls the
maintenance of the apical microtubule web in cells.
Figure 10
 Appearance of an apical microtubule web correlates with Dpp signalling activity.
a. Cross section of a wing imaginal disc stained for the activity of brk-lacZ (a) and D-tubulin (b). c.
merge of panels a and b.
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Part II: Dpp signaling is specifically required in A cells to maintain the
A/P boundary in Drosophila wing imaginal disc.
3.8 The normal distribution of Dpp signaling transduction activity is not
required for the A/P boundary maintenance.
Dpp signal transduction in A boundary cells is lower than P boundary cells in wing
imaginal disc (Funakoshi et al., 2001; Tanimoto et al., 2000). To test whether this
asymmetric distribution of Dpp signaling activity is required for the A/P boundary
maintenance, Dpp signaling activity in A boundary cells was increased in clones of
cells to the level of wild type P boundary cells and was analyzed the sorting
behavior of these clones at the A/P boundary. To increase Dpp signaling activity,
two strategies were used. First, Tkv was over expressed in clones of cells using the
GAL4-UAS system. pMad staining was used to visualize the Dpp signaling activity.
Clones over expressing Tkv increased pMad level. A clones at the A/P boundary
increased pMad staining at much higher level than neighboring P boundary cells
(Fig. 11 a, c). These A clones remained in the A compartment (Fig. 11 d). This
suggests that it is not important for the A/P boundary maintenance on which side, A
or P, cells have a higher pMad level. However, wild type P cells located next to the
A clones over expressing Tkv reduced pMad staining. Thus, with this strategy, the
Dpp signaling activity was not made similar in adjacent A and P cells.
The reduction of Dpp signaling activity in A boundary cells is due to the
transcriptional repression of tkv by Mtv (Funakoshi et al., 2001). Thus, the second
strategy for increasing Dpp signaling activity in A cells was to generate mtv mutant
clones. A mtv mutant clones increased pMad staining to a similar level as
neighboring P cells (Fig. 11 f). These A mtv mutant clones remained in A
compartment (Fig. 11 j), suggesting that the asymmetric distribution of Dpp
signaling activity between A and P cells is not required for the A/P boundary
maintenance.
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Figure 11
 The normal distribution of Dpp signal transduction activity is not required for the A/P
boundary maintenance.
a-d. Over expressing Tkv in clones in A boundary cells. a. UAS-tkv clones are marked by the absence
of CD2 staining. b. Ci staining is shown in red to mark the A/P boundary. c. pMad staining is shown
in blue to visualize the activity of Dpp signal transduction. d. Merge of panels a-c.  Note that Dpp
signaling is increased in UAS-tkv clones (arrow). A UAS-tkv clones (determined by the Ci staining)
respects the A/P boundary. e-j. mtv mutant clones in A boundary cells. e. mtv mutant clones are
marked by the absence of CD2 staining (-). f. pMad staining is shown in red to visualize the activity
of Dpp signal transduction. g. Merge of panels e-f. Note that pMad staining in mtv mutant clone (-) is
increased to a level similar to P boundary cells. A origin mtv mutant clones (-) which is determined
by the position of sibling clone (+) respects the A/P boundary. h. mtv mutant clones are maked by the
absence of CD2 staining (-). i. hh-lacZ staining is shown in red to mark the A/P boundary. j. A mtv
mutant clone (-) which is determined by the absence of hh-lacZ staining and the position of sibling
clone (+) respects the A/P boundary. In this and subsequent figures, third instar wing imaginal discs
are shown with the anterior to the left and dorsal up. The white dashed line marks the normal position
of the A/P boundary.
3.9 The reduction of tkv transcription in the Dpp expression domain is
required for Dpp molecules to spread to P cells.
Dpp is normally expressed in A boundary cells (organizer) and spreads to both
compartments. A clones of over expressed Tkv lead to the reduction of pMad
staining in neighboring wild type P cells (Fig.11 c). Therefore, it is possible that
high level of Dpp receptor Tkv might trap more Dpp molecules and so leads to the
reduction of pMad in neighboring P cells. This further indicates that the reduction of
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tkv
 transcription in Dpp expression domain might be required for Dpp molecules to
spread to receiving cells. To test this possibility, Tkv was over expressed in the Dpp
producing domain and pMad, sal-lacZ and omb-lacZ were used to visualize Dpp
signaling transduction activity. In the wild type disc, pMad level is graded with a
peak in the center and a reduction in Dpp producing domain ((Funakoshi et al.,
2001; Tanimoto et al., 2000); Fig.12 a-b). Over expressing of Tkv in the Dpp
producing domain lead to an increase of pMad in Dpp producing domain but a
dramatic reduction in the receiving cells including the P compartment and the A
cells of non Dpp producing domain (Fig. 12 c-d). sal-lacZ expression was
undetectable and omb-lacZ expression was dramatically reduced in the P
compartment compared to wild type (Fig. 12 e-l). Thus, ectopic over expression of
Tkv in Dpp producing domain lead to the reduction in Dpp signaling activity in Dpp
receiving cells.
Figure 12
  High level of Tkv in Dpp producing domain leads to the reduction of Dpp signaling in P
compartment.
a-b, e-f, i-j. Wild type wing imaginal disc. c-d, g-h, k-l. Tkv is over expressed in Dpp producing
domain. b, d, f, h, j and l. Ci staining is shown in red to mark the A/P boundary. a-d. pMad is shown
in green to show the activity of Dpp signaling in wild type discs. Note that in wild type discs, pMad
staining is graded in wing blade with a reduction in Dpp producing domain (a-b). However, over
expressing Tkv in Dpp domain leads to Dpp receiving cells highly reduced pMad staining (c-d). e-h.
sal-lacZ
 staining is shown in green to visualize the transcription level of sal. Note that over
expressing Tkv in Dpp domain leads to P cells highly reduced sal-lacZ. i-l. omb-lacZ staing is shown
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in green to visualize the transcription level of omb. Note that over expressing Tkv in Dpp domain
leads to P cells highly reduced omb-lacZ.
The dramatic reduction of Dpp signaling activity in the P compartment might be due
to high levels of expressed Tkv trapping more Dpp molecules and thus leads to P
cells only receiving few or no Dpp molecules. To test this, a Dpp-GFP fusion
protein that has been used previously was used to visualize the distribution of Dpp.
Dpp-GFP was co-over expressed with Tkv in the Dpp producing domain and Dpp-
GFP fluorescence was scanned to visualize how much Dpp-GFP was received in
Dpp receiving cells. In the control experiment, only Dpp-GFP was over expressed in
the Dpp producing domain. Dpp-GFP formed a gradient in the wing pouch of
imaginal disc and was detected far away from its producing domain as previously
reported (Fig. 13 a; (Entchev et al., 2000)). When Dpp-GFP was co-over expressed
with Tkv in the Dpp producing domain, Dpp-GFP fluorescence in Dpp receiving
cells was dramatically reduced compared to the control (Fig. 1s b). This suggests
that high level of Tkv receptor can indeed trap the Dpp ligand. It further indicates
that the reduction of tkv transcription in the Dpp expression domain is required for
Dpp molecules to spread to receiving cells.
Figure 13
 Higher level of Tkv in Dpp producing domain prevents Dpp gradient formation.
a.
 Dpp-GFP is over expressed in Dpp producing domain. Dpp-GFP forms a gradient in the wing
pouch. b. Dpp-GFP is co-over-expressed with UAS-tkv in Dpp producing domain. Dpp-GFP is
highly reduced in Dpp receiving cells.
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3.10 tkv is required in A cells to maintain the A/P boundary.
To test whether Dpp signaling is required for the A/P boundary maintenance, tkv bsk
double mutant clones were generated and only the clones at the boundary were
scored for analysis using choice assay. In the control experiment, both A (n=26) and
P (n=23) origin bsk mutant clones respected the A/P boundary, suggesting that bsk is
not required for the A/P boundary maintenance (Fig. 14 a-g).  P tkv bsk double
mutant clones (n=21) respected the A/P boundary, while A mutant clones (n=25)
displaced the A/P boundary to various extents (Fig. 14 h-n). The propensity of A
and P clones to displace the A/P boundary differed significantly (p<0.001). This
suggests that A cells require tkv to maintain the A/P boundary.
Figure 14
 
tkv is required to maintain the normal position of the A/P boundary.
bsk
 mutant clones (a and d) and tkv bsk double mutant clones (h and k) are marked by the absence  of
GFP staining(-). The wild-type sister clones are marked by the high levels of GFP staining (+). Ci
staining is shown in red (middle column). The merge of both staining is shown in the right column. a-
c. A bsk mutant clones (judged by the Ci staining and the position of sister clone) is strictly confined
to the A compartment. d-f. P bsk mutant clones (judged by the absence of Ci staining and the position
of sister clone) are confined to the P territory. h-j. A tkv bsk double mutant clones (judged by the Ci
staining and the position of sister clone) displace the A/P boundary towards P. k-h. P tkv bsk mutant
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clones (judged by the absence of Ci staining and the position of sister clone) are confined to the P
territory. Quantification of the area of bsk mutant clones (d) and tkv bsk double mutant clones (n)
misplaced into the adjacent compartment is expressed as a percent.
3.11 A transcriptional response to Dpp signaling is specifically required for A
type cell sorting to maintain the A/P boundary.
To test whether a transcriptional response to Dpp signaling is specifically required
for A type cell sorting to maintain the A/P boundary, mad bsk double mutant clones
were generated and only the clones at the boundary were scored for analysis using
choice assay. P mad bsk double mutant clones (n=14) respected the A/P boundary,
while A mutant clones (n=15) displaced the A/P boundary to various extents (Fig.
15 a-g). The propensity of A and P clones to displace the A/P boundary differed
significantly (p<0.001). This suggests that A cells require mad to maintain the A/P
boundary.
The segregation behavior of A tkv bsk double mutant clones and A mad bsk double
mutant clones at the A/P boundary was not significantly different (p>0.05). This
suggests that the Dpp signaling maintaining the A/P boundary is for the most part, if
not exclusively, transduced by the transcription factor Mad.
Figure 15
 
mad is required to maintain the normal position of the A/P boundary.
mad bsk
 double mutant clones (a and d), are marked by the absence of GFP staining (-). The wild-
type sister clones are marked by the high levels of GFP staining (+). Ci staining is shown in red
(middle column). The merge of both staining is shown in the right column. a-c. A mad bsk double
mutant clones (judged by the Ci staining and the position of sister clone) displace the A/P boundary
towards P. d-f. P tkv bsk mutant clones (judged by the absence of Ci staining and the position of
sister clone) are confined to the P territory. Quantification of the area of mad bsk double mutant
clones (g) misplaced into the adjacent compartment is expressed as a percent.
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3.12 Loss of Dpp signal transduction in A boundary cells does not reduce Hh
signal transduction.
A clones lacking either Tkv or Mad activity displaced the A/P boundary. Likewise,
A clones lacking the ability to respond to the Hh signal sorted into P compartment.
This similarity raise the possibility that the displacement of the A/P boundary by tkv
bsk
 double mutant clones is due to a reduced level of Hh signal transduction in these
cells. To test this possibility, Ptc staining (the Hh target gene, an universal read-out
for Hh signal transduction) (Bijlsma et al., 2004) was used to visualize Hh signaling
activity in the clones lacking Dpp signaling. A tkv bsk double mutant clones
appeared to have normal levels of Ptc protein, indicating that the level of Hh
signaling is not reduced in these cells (Fig. 16 d-f). Likewise, the level of Ptc was
not reduced in A mad- bsk– clones (Fig. 16 g-i). These data suggest that Dpp signal
transduction is not required to maintain Hh signal transduction and that the
displacement of the A/P boundary by A tkv- bsk- and mad- bsk– clones is not due to a
reduction of Hh signaling in these cells.
Figure 16
 Anterior tkv- bsk- and mad- bsk- cells at the A/P boundary transduce the Hh signal at normal
level.
bsk 
 mutant clones (a), tkv bsk double mutant clones (d), and mad bsk double mutant (g) clones of
cells are marked by the absence of GFP staining(-). The wild-type sister clones are marked by the
high levels of GFP staining (+). Antibody staining against Patched (Ptc), a marker for Hh signal
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transduction, is shown in red (middle column). The merge of both staining is shown in the right
column. (a-g) Clones of A origin and located in the vicinity of the A/P boundary show a normal Ptc
staining.
3.13 The repression of Brinker by Mad is required for maintaining the A/P
boundary.
In response to Dpp signaling, Mad represses the transcription of brk, a gene
encoding a transcriptional repressor (Campbell and Tomlinson, 1999; Jazwinska et
al., 1999; Minami et al., 1999). Brk, in turn, represses in a concentration dependent
manner the transcription of Dpp target genes and thereby shapes their expression
domains (Muller et al., 2003). Cells mutant for either tkv or mad de-repress brk
(Jazwinska et al., 1999). To test whether the displacement of the A/P boundary by A
mad- bsk-
 clones is due to the de-repression of brk, mad brk double mutant clones
were analyzed at the A/P boundary. A mad brk double mutant clones remained
entirely in the A compartment (Fig. 17 a-c). Thus, the de-repression of brk is
required for A mad bsk double mutant clones to displace the A/P boundary. This
suggests that the ectopic expression of Brk in A cells at the A/P boundary disturbs
the A/P boundary.
Figure 17
 The repression of Brinker by Mad is required for maintaining the normal position of the
A/P boundary.
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mad
 
brk
 double mutant clones are marked by the absence of GFP staining(-). The wild-type sister
clones are marked by the high levels of GFP staining (+). Ci staining is shown in red (middle
column). The merge of both stainings is shown in the right column. a-c. A mad brk double mutant
clones (judged by the absence of Ci staining and the position of sister clone) are confined to the A
territory. d-f. P mad brk double mutant clones (judged by the absence of Ci staining and the position
of sister clone) are confined to the P territory. g. Quantification of the area of mad brk double mutant
clones misplaced into the adjacent compartment is expressed as a percent.
3.14 Omb is required for maintaining the normal position of the A/P
boundary.
De-repression of Brk in the central region of the wing blade in mad or tkv mutant
clones leads to the repression of Dpp target genes like sal and omb (Campbell and
Tomlinson, 1999; Jazwinska et al., 1999; Minami et al., 1999). This raises the
possibility that the displacement of the A/P boundary by mad- brk- clones is due to
the loss of expression of sal and/or omb. To test these possibilities, clones mutant
for either sal or omb were generated and analyzed at the A/P boundary. sal mutant
clones of both A and P origin remained largely in the compartment of origin (Fig. 18
a-g). In contrast, omb mutant clones of A, but not P, origin displaced the A/P
boundary (Fig. 18 h-t). The displacement of the boundary was observed using both
markers for the A compartment (Ci, Fig. 18 I, l) and P compartment (hh-lacZ, Fig.
18 o, r). The frequency and extent of the displacement of the A/P boundary was not
significantly different between A omb mutant and A mad bsk double mutant clones
(p>0.05), indicating that Omb mediates most, if not all, aspects of Mad to maintain
the A/P boundary.
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Figure18
 The Dpp target gene omb is required for maintaining the normal position of the A/P
boundary.
sal
 mutant clones (a-f) are marked by the absence (-) of Smyc staining in green. The wild-type sister
clones are marked by the high level of Smyc staining (+). omb mutant clones (h-s) are marked by the
absence (-) of GFP staining in green. The wild-type sister clones are marked by the elevated GFP
staining (+). hh-lacZ (b, e, o, r) and Ci (i-l) staining are shown in red. a-c. A sal mutant clones are
confined to the A territory. d-f. P sal mutant clones are confined to the P territory. h-j and n-p. A
omb
 mutant clones displace the A/P boundary towards P. k-m and q-s. P omb mutant clones are
confined to the P territory. Quantification of the area of sal mutant clones (g) and omb mutant clones
(t) clones misplaced into the adjacent compartment is expressed as a percent.
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3.15 There is no correlation between the extrusion of mutant clones lacking
Dpp signaling and the displacement of the A/P boundary.
Mutant clones lacking Dpp signaling are extruded and displace the A/P boundary. Is
there a correlation between these two phenotypes? First, only A origin tkv bsk and
mad
 
bsk
 mutant clones displaced the A/P boundary, but not P origin. In contrast,
both A and P mutant clones were extruded. Second, omb mutant clones and sal
mutant clones were similar to each other, they either did not extrude or extruded
slightly (Fig. 19 a-f). However, only omb mutant clones displaced the A/P boundary
and sal mutant clones did not. These results suggest that there is no correlation
between the extrusion of mutant clones lacking Dpp signaling and the displacement
of the A/P boundary.
Figure 19
 The extrusion of mutant clones lacking Dpp signaling and the displacement of the A/P
boundary do not correlate.
a. sal mutant clones are marked by the absence of green staining. b. The E-cadherin staining is
shown in red. c. Merge of panels a-b. Note that E-cadherin based junctions (arrow) in sal mutant
cells are dropped down slightly. d. omb mutant clones are marked by the absence of green staining. e.
The E-cadherin staining is shown in red. c. Merge of panels d-e. Note that E-cadherin based junctions
(arrow) in omb mutant cells are dropped down slightly.
3.16 Omb is required for Ci to specify A-type sorting
Previous work has shown that a Ci-mediated response to the Hh signal is required in
A cells to maintain the A/P boundary (Dahmann and Basler, 2000). Here, an Omb-
mediated response to Dpp signaling is required in A cells to maintain the A/P
boundary. What is the relation between Ci and Omb in this process? Ci expression is
normally confined to A cells. When Ci is ectopically expressed in P clones at the
A/P boundary these clones sorted into A compartment, indicating that Ci is
sufficient to specify A-type cell sorting. To test the relation between Ci and Omb, P
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clones that ectopically expressed Ci but lacked Omb function were generated using
MARCM system in combination with the P-specific hh-GAL4 driver line and
analyzed at the A/P boundary. If Omb were required for Ci to specify A-type cell
sorting, then P clones of cells expressing Ci and lacking Omb should no longer sort
into A compartment. As a control, GFP alone in clones was expressed using this
system. All GFP expressing clones (n=102) were present in the P compartment
showing that with this system clones expressing a UAS-transgene were indeed
exclusively generated in the P compartment. Further, GFP expressing control clones
remained entirely within the P compartment (Fig. 20 a-d). The majority of clones
generated at the A/P boundary expressing Ci and GFP were sorted into the A
compartment (Fig. 20 e-h), consistent with previous results. In contrast, the majority
of Ci and GFP expressing clones lacking Omb function either entirely maintained
their P position or were only partially sorted into the A compartment (Fig. 20 i-l).
These data suggest that Omb is required for Ci to specify A-type cell sorting,
indicating that Omb acts either downstream or in parallel to Ci.
Figure 20
  Omb is required for Ci to specify A-type cell sorting.
Clones of P origin expressing GFP (a-c), Ci and GFP (e-f), or Ci and GFP and being mutant for omb
(i-k) are marked by GFP staining in green. Ci staining is shown in red. The panel on the right shows
a quantification of the segregation of clones. a-c. GFP expressing control clones remain in the P
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compartment (arrow). e-f. Clones co-expressing Ci and GFP, when in contact with A cells, sort out
from P cells and take up positions normally only occupied by A cells (arrow). i-k. Clones co-
expressing Ci and GFP but lacking Omb only partially take up positions normally occupied by A
cells (arrow).
3.17 Omb specifies a graded cell affinity along the A/P axis in a dose
dependent manner.
Cell sorting at compartment boundaries has been thought to be due to differences in
cell affinity of cells from adjacent compartments. One measure of a difference in
cell affinity is the shape of a clone. Cells within clones that have irregular borders
and wiggly shapes are thought to have similar affinities with neighboring cells. The
round shape and smooth border of clones is thought to indicate differences in cell
affinity from neighboring cells. The shape of omb mutant clones differed depending
on the clonal position in the wing imaginal disc. omb mutant clones located in the
central region had a more round shape and smoother borders compared to those
located in the periphery. To quantify this, the shape of omb mutant clones were
measured using the formula 4SA/L2 (A=area of clone, L= perimeter of clone) as a
function of their distance to the A/P boundary. Control clones had irregular shapes
(4SA/L2 = 0.31±0.071) regardless of their position in the wing imaginal disc. In
contrast, omb mutant clones in the periphery were irregular in shape (4SA/L2 = 0.39
±0.134) whereas they had a more round shape when located close to the A/P
boundary (4SA/L2 = 0.83±0.070), and had intermediate values when located at
intermediate positions (Fig. 21 a-c). Thus, the shape of omb mutant clones is graded
along the A/P axis. This suggests that Omb confers a gradient cell affinity along the
A/P axis in the wing disc.
Since Omb confers a gradient of cell affinity along the A/P axis, Omb level should
be graded along the A/P axis. To confirm this, the transcription level of omb was
visualized by omb-lacZ staining and then analyzed with pixel intensity.  As
expected, omb transcription is graded along the A/P axis in the wing disc pouch with
peak levels in the center and low levels at the periphery (Fig. 21 d-e). The difference
in Omb levels between omb mutant clones and wild-type surrounding cells will be
the highest in the center and lowest at the periphery of the wing pouch. Thus, the
shape of omb mutant clones correlates with the difference in Omb level between the
RESULTS
46
clone and the neighboring wild-type cells. This suggests that Omb confers cell
affinity in a concentration dependent manner.
To test if the effects of Omb are concentration dependent, Omb was expressed at
different levels from a transgene using the GAL4-UAS system in clones of cells and
the shape of clones in the notum region of the wing disc, where Omb is normally not
expressed, was analyzed. Different levels of Omb expression were achieved by
using two different GAL4 driver lines, tub>GAL4 (weak) and act5c>GAL4 (strong)
that were visualized by the pixel intensity to drive the UAS-GFP (Fig. 21 j-m).
Control clones not expressing Omb had an irregular shape (Fig. 21 g; 4SA/L2 = 0.31
±0.073). Clones of cells expressing Omb at high levels (act5c>GAL4, UAS-omb)
were smooth-edged and had a round shape (Fig. 21 i; 4SA/L2 = 0.837 ±0.105).
Clones of cells expressing Omb at a low level (tub>GAL4, UAS-omb) had an
intermediate shape (Fig. 21 h; 4SA/L2 = 0.639 ±0.111). The difference in the shape
of clones expressing Omb at no, low, and high levels were statistically significant
(p<0.001). This suggests that Omb can regulate a cell’s affinity in a concentration-
dependent manner.
Figure 21
 Omb regulates cell affinity in a concentration-dependent manner.
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a-b. omb mutant clones are marked by the absence of GFP staining in green. hh-lacZ staining is
shown in red. omb mutant clones are of round shape in the center of the disc (arrowhead) and
gradually become more wiggly at lateral positions (arrow). The white box in b depicts the area of the
wing disc in which clones were analyzed. c. The table shows a quantification of the shape of clones
(4SA/L2) as a function of their distance from the A/P boundary (clonal position). Clonal position of
“0” is at the A/P boundary and clonal position of “1” is at the edge of the wing disc. Anterior and P
clones are represented by blue dots and red triangles, respectively. d. The activity of an omb-lacZ
enhancer trap line is graded in the lateral region of the wing disc. e. Quantification of the pixel
intensities of the image shown in d. f. Quantification of the shape (4SA/L2) of control clones
(act5c>GAL4) and clones expressing Omb ectopically at low (tub>GAL4, UAS-omb) and high levels
(act5c>GAL4, UAS-omb) in the notum region of the wing disc. Control clones (g) and clones
expressing Omb under control of tub>GAL4 (h) and act5c>GAL4 (i) are marked by the absence of
CD2 staining (arrow) in green. (j-m) The tub>GAL4 driver is weaker than the act5c>GAL4 driver.
Clones of cells expressing GFP (in green) from a UAS-GFP transgene under control of the
tub>GAL4
 (j) or act5c>GAL4 (l) driver line. The images shown in j and l were recorded with
identical microscope settings. (k, m) Quantification of the pixel intensities of the images shown in (j)
and (l), respectively.
3.18 Evidence for additional Dpp target genes regulating cell affinity
Previous studies have shown that Sal, another Dpp target gene, also contributes to
differences in cell affinity (Milan et al., 2002). To test whether additional target
genes of Dpp contribute to a cell’s affinity as well, the shape of clones lacking Dpp
signal transduction were measured. The expression of sal is highly reduced in omb
mutant clones (del Alamo Rodriguez et al., 2004). Thus, if omb and sal are the only
Dpp target genes regulating cell affinity, then the shape of clones lacking Dpp signal
transduction should resemble omb mutant clones. If additional Dpp target genes are
involved, the shape of clones lacking Dpp signal transduction should differ from
omb
 mutant clones. The shape of clones lacking Dpp signal transduction (tkv bsk
and mad bsk bouble mutant clones) were measured as a function of their distance
from the A/P boundary. bsk control mutant clones were wiggly regardless of their
position (Fig. 22 a-c; 4SA/L2 = 0.31±0.063). In contrast, tkv bsk double mutant
clones were either of round (4SA/L2 = 0.86 ±0.055) or wiggly (4SA/L2 = 0.33
±0.083) shape without intermediate values (Fig. 22 d-f). Likewise, mad bsk double
mutant clones were either of round (4SA/L2 =0.86±0.082) or wiggly (4SA/L2 =
0.32±0.054) shape without intermediate values (Fig. 22 g-i). tkv bsk and mad bsk
double mutant clones were equally round throughout the pouch region. This differs
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from omb mutant clones whose shape gradually gets wigglier from the A/P
boundary to the periphery position. This suggests the presence of an additional Dpp
target gene(s) that regulates cell affinity in the periphery of the wing disc pouch.
Figure 22
 Dpp signaling regulates cell affinity.
bsk
 mutant clones (a-b), tkv bsk double mutant clones (d-e), and mad bsk double mutant clones (g-h)
are marked by the absence of GFP staining in green. Ci staining is shown in red. The panels on the
right show a quantification of the shape of clones (4SA/L2) as a function of their distance from the
A/P boundary as described before. a-c. bsk control mutant clones are wiggly regardless of position.
tkv bsk
 double mutant clones (d-f) and mad bsk double mutant clones (g-i) are either of round (medial
region, arrowheads) or wiggly (lateral region, arrows) shape.
Part III: Cross talk among Hh, Dpp and Wg signaling.
3.19 Dpp signaling interacts with Hh signaling to pattern the center of
Drosophila wing by maintaining the expression of the Hh target gene col.
Different signaling pathways such as Hh, Dpp and Wg signaling pathways are all
providing positional information for tissue patterning (Brook et al., 1996). The
different pathways might be integrated together to provide positional information.
Recently, evidence for the interaction between Hh and Dpp as well as Wg and Hh
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signaling pathways have been reported (Funakoshi et al., 2001; Glise et al., 2002).
To test potential interaction between the Dpp and Hh signaling pathways, the
activity of the Hh pathway was visualized in clones lacking Dpp signaling by Col
and Ptc (target genes and read out reporter of the Hh pathway) staining. tkv bsk and
mad bsk
 double mutant clones did not affect Ptc staining as showed in Fig. 16. Col
staining was not affected in the control bsk single mutant clones. However, 50% of
tkv bsk
 (n=20) and 46% mad bsk double mutant clones (n=28) dramatically reduced
Col staining when these clones were located in the Col expression domain (Fig. 23
a-i). This suggests that mutant clones lacking Dpp signaling, although not affecting
the Ptc expression in responce to Hh signaling, failed to maintain Col expression.
Col has been reported to play a critical role in L4 vein pattern in Drosophila wing
(Crozatier et al., 2002). Taken together, Dpp signaling interacts with some aspects
of Hh signaling to pattern the center of the Drosophila wing by maintaining the
expression of the Hh target gene col.
Figure 23
 Dpp signaling interacts with Hh signaling to maintain Col expression.
bsk
 mutant clones (a-c), tkv bsk double mutant clones (d-f) and mad bsk double mutant clones (g-i)
are marked by the absence of GFP (arrow). Col staining is shown in red. a-c. bsk mutant clones
(arrow) did not affect Col expression. tkv bsk double mutant clones (d-f) and mad bsk double mutant
clones (g-i) lost Col expression.
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3.20 Dpp signaling is required to maintain the expression of the selector
gene en.
En is expressed in P cells and specifies the P cell identity. The transcriptional state
of selector protein En is maintained by cellular memory module (CMM) (Bantignies
et al., 2003; Breen et al., 1995; Rank et al., 2002). Dpp signaling is known to pattern
the wing including P cells. To test whether there are interactions between Dpp
signaling and En, mutant clones lacking Dpp signaling were generated and stained
for En. In the control experiment, bsk mutant clones in the En domain did not affect
En level and En staining was normally located in nuclei visualized by DAPI staining
(Fig. 24 a-d). In contrast, En staining was highly reduced in both tkv bsk and mad
bsk
 double mutant clones when located close to the A/P boundary (Fig. 24 e-l). En
staining was not reduced in tkv bsk and mad bsk double mutant clones in the P
compartment far away the A/P boundary, where Dpp signaling is very weak or
absent (data not shown). To further test this, Dad (repressor of Dpp signaling) was
over expressed in clones and en transcription was visualized by en-lacZ. Similarly,
en
 transcription level was highly reduced in Dad over expressing clones when
located close to the A/P boundary (Fig. 24 m-o). These results suggest that Dpp
signaling is required to maintain the normal expression level of the selector protein
En.
Figure 24
 Dpp signaling is required to maintain the normal expression of En.
bsk
 mutant clones (a-d), tkv bsk double mutant clones (e-h) and mad bsk double mutant clones (I-l)
are marked by the absence of GFP.  UAS-dad clone (m-o) are marked by the absence of CD2
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staining. En staining or en-lacZ is shown in red. DAPI staining is shown in blue. a-d. bsk mutant
clone did not affect En expression. En overlapped with DAPI staining (arrow). tkv bsk double mutant
clone (e-h) and mad bsk double mutant clone (I-l) reduced En significantly (arrow). m-o. UAS-dad
clone reduced en-lacZ significantly (arrow).
3.21 Dpp signaling interacts with Wg signaling to pattern the wing by
restricting Wg expression to a stripe of cells at the D/V boundary.
To further test interactions between Dpp and Wg signaling pathways, Wg
distribution was visualized in mutant clones lacking Dpp signaling. Wg is normally
present in a stripe of cells on both sides along the D/V boundary in the wing pouch.
Control bsk mutant clones did not affect Wg staining (Fig. 25 a-c). However, both
tkv bsk
 and mad bsk double mutant clones ectopically increase Wg staining when
the mutant clones were located close to the D/V boundary (Fig. 25 d-i).
Figure 25
 Dpp signaling interacts with Wg signaling by restricting Wg expression to a tripe of cells
centered at the D/V boundary.
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bsk
 mutant clones (a-c), tkv bsk double mutant clones (d-f) and mad bsk double mutant clones (g-i)
are marked by the absence of GFP. Wg staining is shown in red. a-c. bsk mutant clone (arrow) did
not affect Wg expression. tkv bsk double mutant clone (d-f) and mad bsk double mutant clone (g-i)
ectopically expressed Wg (arrow).
Different from tkv bsk and mad bsk double mutant clones, omb mutant clones
ectopically induced an additional Wg stripe at the border of mutant clones (Fig. 26
a-c). In the wild type wings, big bristles were only formed at the A margin by the
activation of N signaling at the wing margin. omb mutant clones in the adult wing
ectopically formed big bristles when the mutant clones located close to the A margin
or A/P boundary (Fig. 26 d-e). These ectopic bristles indicate that N signaling was
ectopically activated in the omb mutant cells. Taken together, Dpp signaling
interacts with N/Wg signaling to pattern the wing by restricting the Wg expression
to a stripe of cells at the D/V boundary.
Figure 26
 
omb
 mutant cells ectopically activated N/Wg signaling.
omb
 mutant clones are marked by the absence of GFP (a-c) or y- in adult wing (d-e). a-c. omb mutant
clone induced an additional Wg expression stripe (arrow) at the clonal border. d. omb mutant cells
ectopically grew bristles (arrow) close to the A wing margin. e. omb mutant cells ectopically grew
bristles (arrow) at the A/P boundary.
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3.22 Omb is required for the D/V boundary formation and repression the
expression of the selector gene ap in V compartments.
Ap normally is activated only in D cells of wing imaginal discs during the second
instar. Ap specifies D cell identity and directs the D/V boundary formation at its
border (Blair et al., 1994; Diaz-Benjumea and Cohen, 1993). Ap and its target genes
are involved in the formation of Wg stripe spanning both sides of D/V boundary
(Micchelli and Blair, 1999; Panin et al., 1997; Rauskolb et al., 1999). Clones lacking
Dpp signaling affected the normal Wg stripe formation. To test whether Dpp
signaling interacts with Ap, omb mutant clones were generated at first instar larval
stage and the transcription level of ap was visualized by ap-lacZ in third instar.
When omb mutant clones spanned the D/V boundary, D cells (expressing Ap) and V
cells (absent of Ap) no longer respected the lineage restriction of the D/V boundary
and intermingled with each other (Fig. 27 a-f). This suggests that Omb is required
for the D/V boundary formation. When omb mutant clones located in V
compartment close to the D/V boundary, part of the mutant cells in the clone
activated ap-lacZ. This suggests that Omb is required for the repression of Ap in V
cells.
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Figure 27
 Omb is required for the D/V boundary formation.
omb
 mutant clones are marked by the absence of GFP (a, d and g). ap transcription is visualized by
ap-lacZ
 staining (middle column). The merge of both staining is shown in the right column. a-c. omb
mutant clones at the periphery region straddle the D/V boundary no longer segregate D and V cells.
The D/V boundary is wiggly. d-f. omb mutant clones at the center region straddle the D/V boundary
no longer segregate D and V cells. The D/V boundary is wiggly. g-i. omb mutant clones at V
compartment close to the D/V boundary activated ap-lacZ in part of the mutant cells.
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4. Discussion
The transforming growth factor-E (TGF-E) superfamily is a large group of secreted
proteins that mediate signals between cells to coordinate all aspects of development,
from patterning of the embryonic body axes to homeostasis of adult tissues.
Members of this family have been identified in many species and given varies
names: bone morphogenetic proteins (BMPs), growth and differentiation factors,
and activin Drosophila Decapentaplegic (Dpp). TGF-E superfamily members can
direct a wide range of cellular responses, including proliferation, changes in cell
shape, apoptosis, and specification of cell fate (Neumann and Cohen, 1997a; Raftery
and Sutherland, 1999).
In Drosophila wing development, Dpp acts as a morphogen to direct cell
differentiation, determine cell fate and promote cell survival and proliferation. To
investigate the role of Dpp in Drosophila wing development, I generated clones
lacking Dpp signaling and analyze cell morphology and tissue integrity. I showed
that tkv bsk double mutant clones were extruded from the wing disc epithelium. To
investigate whether Dpp signaling is down-stream of Hh signaling to maintain the
normal cell segregation at the A/P boundary, I analyzed components of Dpp
signaling by clonal analysis. I showed that Dpp signaling mediated by omb is
specifically required in A cells to maintain the A/P boundary. Finally, I showed that
Dpp signaling interacts with the selector genes en and ap, Hh and Wg signaling
pathways.
4.1 How does Dpp promote cell survival in the wing pouch?
Induction of clones lacking Dpp in Dpp producing domain results in a general
reduction in wing size, indicating that cells far away from the source of Dpp must
also receive Dpp in order to survive (Posakony et al., 1990). Similarly, mutant
clones lacking Tkv grow more slowly throughout the entire wing pouch region and
are eventually lost (Burke and Basler, 1996; Martin-Castellanos and Edgar, 2002). A
sharp discontinuity of Dpp signal transduction eliminates cells at either side of the
border of Dpp transducing and non transducing (Adachi-Yamada et al., 1999;
Adachi-Yamada and O'Connor, 2002). These eliminations of cells have been shown
due to JNK dependent apoptosis (Adachi-Yamada et al., 1999). To investigate how
Dpp signaling promotes cell survival, JNK pathway was inhibited by knock down
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bsk
 (encodes JNK) in mutant clones lacking Dpp signaling using FLP-FRT system.
Clones double mutant for tkv and bsk did not undergo apoptosis (Fig. 1), but
recovered at very low frequencies compared to sibling clones. I showed evidence
that the low recovery of tkv bsk mutant clones is at least in part due to extrusion of
mutant cells (Fig. 2-3). Thus, cell extrusion and apoptosis are separately processes.
We propose cell extrusion could be an upstream event triggering apoptosis.
Supporting this notion, detachment of cells, as occurs during extrusion, is known to
induce apoptosis (anoikis) in other systems (Frisch and Screaton, 2001). We propose
that Dpp acts as a survival factor by maintaining normal cell morphology.
4.2 How do mutant cells lacking Dpp signaling extrude?
To visualize how mutant cells are extruded, we did a time course experiment to
reveal the whole process of extrusion (Fig. 3). The E-cadherin based junctions in the
mutant cells started to drop down 24h after clone induction, then separated from
wild type neighboring cells 48h after induction and as a consequence, bulged out
from the basal side of the epithelium 72h after induction. We further confirmed the
extrusion by generating a positive maker that showed that mutant clones were able
to bulge out completely and still touched the epithelium at the basal side. We
provide a model to explain this process that there is an apical pushing force between
wild type cells and mutant cells that compresses and pushes the mutant cells to basal
section (Fig. 28).
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Figure 28
 A model of mutant clones were extruded by apical pushing force.
 
a. An apical pushing force was generated between wild type and mutant cells when mutant cells
were generated in the epithelium. b. Mutant cells started to be extruded by the apical pushing force,
and initiated JNK dependent apoptosis. c. When JNK dependent apoptosis was blocked, mutant cells
formed cyst-like structure. d. Mutant cells were extruded completely from the basal side of the
epithelium.
4.3 What are the roles of cytoskeletal defects in the extrusion process of
mutant cells lacking Dpp signaling?
The shape of animal cells is largely determined by their cytoskeleton. The cell shape
changes observed in tkv bsk double mutant cells could thus be due to defects in the
cytoskeletal organization of these cells. Mutant cells lacking Dpp signaling were
extruded and showed cytoskeletal defects with enrichment of F-actin and loss of the
apical microtubule web (Fig. 5). The presence of the apical microtubule web in the
wing disc correlates with the range of Dpp signaling and the range of columnar cells
(Fig. 10). This raises the possibility that the extrusion of mutant clones lacking Dpp
signaling is triggered by the loss of the apical microtubule web. If this possibility is
true, the loss of the apical microtubule web should have occurred earlier or at least
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simultaneously than the initiation of extrusion in mutant cells. However, 24 hours
old tkv bsk double mutant clones initiate extrusion, but the apical microtubule web
of mutant cells is still normal (Fig. 8). This suggests that the loss of apical
microtubule web in mutant cells occurred later than cell extrusion. This first
indicates that the loss of the apical microtubule web is the consequence of lacking
Dpp signaling, but not the cause of extrusion. When Dpp signaling was repressed in
either P or D compartment, the apical microtubule web was reduced dramatically,
which is consistent with the mutant clones lacking Dpp signaling. However, cells
are not shorter than opposite compartment except that at the A/P or D/V boundary
where both sides are shorter than normal and form additional folds (Fig. 6-7). These
results suggest that the apical microtubule web is not required to maintain columnar
cell shape, which further confirm that loss of the apical microtubule web is not the
cause of extrusion. Note that only at the border where is a sharp discontinuity of
Dpp signaling cells are shorter and form additional folds (Fig. 6-7). This might be
due to an apical pushing force at the border of sharp discontinuity of Dpp signaling
(between the Dpp transducing and non-transducing cells) to push down cells.  In
these experiments, the enrichment of F-actin was always correlated with cells
extrusion, indicating that F-actin enrichment is important for the extrusion of cells.
Supporting this, in mice epithelium, cells undergoing apoptosis were extruded in a
F-actin dependent manner (Rosenblatt et al., 2001).
4.4 Where do they go when mutant cells lacking Dpp signaling were
extruded from the epithelium?
The activation of apoptosis in extruded mutant cells could prevent misspecified
viable cells from spreading and infiltrating other body parts, reminiscent of
metastasizing cancer cells, which might otherwise occur if cells were not eliminated
by apoptosis. In the experiment of generating positive marker of tkv bsk double
mutant clones, many small mutant clones (one or two cells) were located at the basal
section of wing notum (data not shown). While in wing pouch, mutant clones were
often bulged out completely and lost E-cadherin based junctions and increased
clonal size (Fig. 3 b’), indicating that mutant cells are able to spread to new
locations. Taken these two points together, it is possible that small mutant clones
(one or two cells) in notum might be in part derived from the wing pouch. Another
evidence supporting the metastasis of extruded cells is that a small group of D cells
DISCUSSION
59
invaded into V compartment when Dpp signaling was repressed in D cells (Fig. 6 e-
f).  It is also possible for these extruded cells to invade into other adjacent tissue.
Thus, Dpp signaling is required to maintain epithelium integrity; loss of Dpp
signaling could induce metastasis.
4.5 What is the reason to investigate Dpp in A/P boundary maintenance?
Recent work has established a model that Ci[act] mediated Hh signaling is required
to specify the A-type cell sorting by up-regulating a putative cell affinity molecules
(Dahmann and Basler, 2000). Thus, the unidirectional signal mediated by Hh from P
to A is the key to maintain the A/P boundary. One of the consequences of this P to
A signal is to induce Dpp in A boundary cells (Masucci et al., 1990; Padgett et al.,
1987). Hidalgo has observed that the A/P boundary is distorted in wings from flies
hypomorphic for dpp (Hidalgo, 1994). This study, however, did not address whether
the canonical Dpp signal transduction pathway is required in A or P or both to
maintain the A/P boundary. A cells are known to signal back to P cells via Dpp,
thus, it has been proposed that A to P signaling might also be important to maintain
the A/P boundary (Blair and Ralston, 1997; Vincent, 1998). Here, I showed that
Dpp signal transduction is specifically required in A cells, but not in P cells, to
maintain the normal position of the A/P boundary (Fig. 14-15, 18).  Thus, my results
do not support the hypothesis that A to P signaling by Dpp is required to specify P
type cell sorting.
4.6 Dpp signal transduction is required but not sufficient in A cells to
maintain the A/P boundary.
Dpp signaling activity in wing pouch has been visualized by pMad staining. The
distribution of pMad reveals that the gradient of Dpp signaling activity is
asymmetric along the A/P axis, high in P boundary cells and low in A boundary
cells and high again in neighboring A cells (Funakoshi et al., 2001; Tanimoto et al.,
2000). However, this difference in Dpp signaling between A and P cells is not
important for the maintenance of the A/P boundary. Clones increased Dpp signaling
in A cells still respect the A/P boundary (Fig. 11). This suggests that Dpp signaling
is not sufficient to maintain the A/P boundary.
It has been proposed that one role of the A/P boundary is to maintain the position
and shape of the Dpp organizer in the developing wing disc epithelium (Dahmann
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and Basler, 2000). Now I showed evidence that Dpp signaling is required to
maintain the A/P boundary. Thus, there is a feed back loop for Dpp organizer to
maintain its own position and shape. It will be interesting to test whether other
organizers associated with compartment boundaries have similar functions.
4.7 Omb is the main mediator for Dpp signaling to maintain the A/P bondary.
Two known Dpp targets are the transcription factors Sal and Omb (Tabata, 2001).
Clones mutant for sal have smooth borders when located in the central region of the
wing pouch, indicating that Sal mediates part of their cell affinity (Milan et al.,
2002). However, clones mutant for sal respect the A/P compartment boundary,
regardless of their compartmental origin, indicating that sal is not an essential target
gene of Dpp involved in A/P cell sorting. In contrast, omb mutant clones of A origin
displace the A/P boundary towards P, as determined by markers specific for both the
A (Ci) and P (hh-lacZ) compartment (Fig. 18). The extent of the boundary
displacement in omb and tkv bsk or mad bsk mutant clones is comparable,
suggesting that Omb is the main mediator of this aspect of the Dpp signal.
4.8 What is the relation between Ci[act] and Omb regulating cell affinity to
maintain the A/P boundary?
Our results showed that lacking Omb function dramatically reduced the extent of P
Ci over expressing clones to displace the A/P boundary, suggesting that Omb acts
either downstream or in parallel to Ci. However, P Ci over expression omb mutant
clones still displace the A/P boundary in a reduced extent which is significantly
different from P omb mutant clones (Fig. 18, 20). This suggests that Ci also has
some independent role to sorting A type cells. On the other hand, A omb mutant
clones only displaced the A/P boundary at varies different extent (Fig. 18),
suggesting that Omb might require other factors for A type cell sorting. The shape
of Ci over expression omb mutant clones at the boundary is less round than at the
periphery, and less round than omb mutant clones at the boundary, although they are
rounder than wild type clones (Fig. 18, 20). At the periphery the shape of Ci over
expression omb mutant clones is dependent on increased Ci level (because wild type
Omb level is very low at the periphery), but at the boundary its shape is dependent
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on the total effect of increased Ci and loss of Omb (because wild type Omb level is
very high at the boundary). Thus, the differences between wild type cells and clonal
cells differed at different position lead to the clonal shape changes. This also
suggests that Ci and Omb can be integrated together as a total effect to determine
cell affinity.
4.9 Omb mediates a difference in cell affinity.
It has been proposed long time ago that cell affinity changes gradually within a
segment (Wright and Lawrence, 1981). Recently, Lawrence and colleagues have
shown that Hh signaling regulate a gradient of cell affinity in the A compartments of
the Drosophila abdomen (Lawrence et al., 1999). Here, I show that the shape omb
mutant clones changed gradually from the A/P boundary to the periphery of wing
disc (Fig. 21), suggesting that Omb regulates a gradient cell affinity in wing pouch.
Omb is not the only target gene of the Dpp signaling regulating cell affinity. sal
mutant clones have round borders in Sal domain but wiggly borders out of Sal
domain, suggesting that Sal also regulates cell affinity in the center of the wing disc
(Milan et al., 2002). tkv bsk and mad bsk double mutant clones are all same round in
the wing pouch and wiggly in the periphery (Fig. 22), suggesting that there are other
unknown Dpp target genes regulating cell affinity in wing pouch. These results raise
the possibility that different genes regulating cell affinity can be integrate together to
determining the shape of cell affinity gradient along the A/P axis of the wing disc.
However, omb but not sal is the main mediator for Dpp signaling to maintain the
A/P boundary (Fig. 18). This suggests two novel functions for Omb: maintaining the
A/P boundary and conferring a gradient of cell affinity within the wing disc. These
two roles of Omb could either be distinct or related. At present, it is not possible to
distinguish between these two functions. It is necessary to identify omb target genes
and test their roles in cell affinity and the maintenance of the A/P boundary.
4.10 A model for transcriptional regulation of genes mediating cell
segregation at the A/P boundary.
In a previous model, a putative cell affinity molecule regulated by Ci[act] and En
mediates the segregation of A and P cells (Dahmann and Basler, 2000). I now
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provide evidence that Dpp target gene omb is also required to specify A type cell
sorting. What is the epistatic relationship between En, Ci[act], and Omb? Omb
specifies A type cell sorting does not required Ci[act], because in mad bsk double
mutant clones, which lose expression of omb, the expression of the Ci[act] target
gene ptc is not affected (Fig. 16). Further, Ci[act] specifies A type cell sorting
requires Omb, because P origin omb mutant Ci over expression clones reduced
migration from P to A (Fig. 20). Thus, Omb appears to act either downstream or in
parallel to Ci[act].
In a simple model, Omb, Ci[act], and En control the expression of the same target
gene(s) (Fig. 29). Omb up regulates the expression of this putative target gene(s).
Ci[act] is restricted to the Hh responding A boundary cells and further up regulates
this target gene(s). While En represses this putative target gene(s) in P cells. The
abrupt difference in the expression of this putative target gene(s) segregates A and P
cells. A clones lacking Omb reduced the level of this putative target gene in mutant
cells to zero, which is same with P cells, so mutant clones cross the A/P boundary.
Thus, Omb may therefore regulates a basal cell affinity that is up regulated by
Ci[act] and down regulated by En to create a sharp difference of cell affinity at the
A/P boundary.
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Figure 29
 A model of the control of cell sorting at the A/P boundary.
a. A scheme of the regulatory network controlling cell segregation. En promotes the expression of Hh
in P cells. Hh moves to adjacent A cells where it activates Ci which induces the expression of Dpp.
Dpp signaling leads to the expression of Omb in both A and P cells. In A cells along the A/P
boundary, Ci[act] and Omb both activate the expression of a target gene(s) mediating A/P cell
segregation that, as a consequence, will be expressed at high level. In contrast, in P cells, the
activation of this target gene(s) by Omb is counteracted by En. The target gene(s) is therefore
expressed at low level in these cells. The abrupt difference in the expression level of this target
gene(s) leads to the segregation of A and P cells. b. A scheme illustrating the expression profile of
the target gene(s) mediating A/P cell segregation in the center of the wing disc. Omb provides a basal
expression level that is increased in A cells at the A/P boundary by Ci[act] and decreased in P cells
by En and in other A cell far away the A/P boundary by Ci[rep] ( a cleaved form of Ci acting as a
transcriptional repressor that is present in A cells far away from the A/P boundary receiving no or
low levels of Hh).
The above model is the simplest, but not include the gradient cell affinity conferred
by Omb. One possibility is that Omb regulates two putative cell affinity molecules;
one is involved in A/P cell segregation, and the other, which confers a gradient cell
affinity, is not involved in A/P cell segregation. An alternate model is to comprise
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the gradient of cell affinity conferred by Omb (Fig. 30). Ci[act] and Omb regulate
different cell affinity molecules X and Y respectively. X and Y collaborate to
segregate A/P cell. The total levels of X+Y determine the quantitative activity level
of cell affinity in boundary cells. A boundary cells have higher X+Y level than P
boundary cells. A clones lacking Hh signaling reduce X+Y level to Y level, which is
same with P cells, so mutant clones cross the A/P boundary completely. A clones
lacking Dpp signaling reduce X+Y level to X level, which is different from, but
relatively close to P cells. Thus mutant clones lacing Dpp signaling cross the A/P
boundary at a various extent. To distinguish among these models it will be necessary
to identify the so far elusive Ci[act], En, and Omb target genes mediating cell
segregation.
Figure 30
 An alternate model of the control of cell sorting at the A/P boundary.
X (black dashed line) is a putative cell affinity molecule regulated by Ci[act]. Y (blue dashed line) is
another putative cell affinity molecule regulated by Omb. The total effect of X and Y is red line. The
sharp difference of X+Y leads to the segregation of the A and P cells. A omb mutant clones reduce
X+Y level to X level, which is different from, but relatively close to P cells, which leads to A omb
mutant clones take up P territory. P omb mutant clones reduce X+Y level to zero, which is different
from, but relatively close to P cells, which leads to P omb mutant clones remain in P territory.
4.11 Hh signaling, Dpp signaling and Wg signaling integrate together to
pattern the wing pouch.
It is thought that during the pattern formation each cell receives specific positional
information to pattern a tissue. There are many signaling pathways including Hh,
Dpp and Wg signaling that have been demonstrated to participate in providing
positional information to regulate cell differentiation (Mullor et al., 1997; Neumann
and Cohen, 1997a; Neumann and Cohen, 1997b). The crucial question is that how
do cells integrate different signaling together to build a pattern? In A boundary cells
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Hh signaling induces Dpp expression and down regulates Dpp signaling via the
transcriptional repression of tkv by Hh target gene mtv (Funakoshi et al., 2001). The
patterning of the center region of the wing pouch has been thought to be controlled
by Hh signaling (Mullor et al., 1997). One of the Hh target gene col has been
demonstrated that it is involved in L4 vein patterning (Crozatier et al., 2002). Here,
Dpp signaling has been showed that it is required for Col expression (Fig. 23).
Clones lacking Dpp signaling lead to veins defects not only in L2 and L5, but also in
L3 and L4 (data not shown). Thus Dpp signaling also takes part in the patterning of
the center region which has been thought to be controlled by Hh signaling. The
selector protein En is the key factor to specify P cells identity. It has been showed
that En expression is maintained by cellular memory module (CMM) and that the
transcriptional state can be inherited to daughter cells after cell division (Bantignies
et al., 2003; Breen et al., 1995; Rank et al., 2002).  Clones either mutated for tkv or
over expressing Dad, a repressor of Dpp signaling, reduced en expression to a very
low level (Fig. 24); this suggests that Dpp signaling is required to maintain the
normal level of En in a CMM independent manner. Thus, along the A/P axis En, Hh
and Dpp signaling interact with each other to direct cell fate for proper patterning
formation (Fig. 31).
Figure 31
 Integrated signaling pathways along the A/P axis.
The selector gene en is only expressed in P cells and directs Hh expression in P cells. Hh acts as a
short-range signaling cross the A/P boundary to A boundary cell to induce Dpp and Col expression in
A boundary cells. pMad mediates Dpp signaling in the entire wing pouch and is required for the
expression of Hh target gene col. pMad is required to maintain the normal expression of the selector
gene en in the region close to the A/P boundary.
It has been shown that N/Wg signaling antagonizes Hh signaling by repressing Hh
target genes dpp, ptc and col expression (Glise et al., 2002). I show that clones
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lacking Dpp signaling, either mutated for tkv or mad, induce high level of Wg
staining in the mutant cells when they located very close to the D/V boundary (Fig.
25). This first indicates that Dpp signaling is required to restrict Wg expression to a
narrow strip of cells along the D/V boundary. Large omb mutant clones in D
compartment often induce additional Wg stripe along the clones border. In the adult
wing, omb mutant clones often induce ectopic big bristles when clones located
clones to the A margin or A/P boundary, which is due to the activation of N
signaling in the mutant cells (Fig. 26). This further indicated that Dpp signaling is
involved in N/Wg signaling regulation. The patterning along D/V axis is controlled
by Wg signaling, thus, Dpp signaling is also participating in the patterning along the
D/V axis. The selector protein Ap is the key factor to specify D cell identity and to
set up the D/V boundary (Blair et al., 1994; Diaz-Benjumea and Cohen, 1993). omb
mutant clones span the D/V boundary often lead to the intermingle of Ap expressing
and non expressing cells, this suggests that Omb is required for the D/V boundary
formation. In V compartment omb mutant clones ectopically activate Ap expression
in part of the mutant cells when they were located close to the D/V boundary,
suggesting that Omb is also required for the D/V subdivision by repressing Ap
expression in V compartment (Fig. 27). While in D compartment, large omb mutant
clones repress Ap in a tripe of cells along clonal border (data not shown), which
might be the reason to activate additional Wg stripe, suggesting that continuous
Omb activity is also important for D cell’s identity. Thus, Dpp signaling also plays
an important role in the patterning along the D/V axis (Fig. 32).
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Figure 32
 Integrated signaling pathways along the D/V axis.
N/Wg antagize Hh signaling at the D/V boundary by repressing the expression of Hh target genes
dpp, ptc and col. pMad mediated Dpp signaling is required to repress Wg expression in the region
close to the D/V boundary. Vg expression requires all the function of Dpp and N/Wg signaling
pathways. Omb is required to repress Ap expression in V cells and to maintain Ap expression in D
cells. Continuous Omb expression is required in D cells to repress Wg expression in additional stripe
of cells.
The best-addressed model of signal integration during development is from the
Drosophila eye
 
disc (Voas and Rebay, 2004). The morphogenetic furrow formation
requires a spatial-temporal interaction between Hh, Dpp and Wg signaling
pathways. It will be interesting to investigate whether other tissue patterning is
associated with cross talk among different signaling pathways.
 ACKNOWLEDGMENT
68
5. Acknowledgment
I thank Dr. C. Dahmann, Prof. Dr. G. Vollmer and Dr. E. Tanaka as thesis advisors
committee for the critical comments and suggestions on my project, T. Adachi-
Yamada, K. Basler, D. Cavener, S. Cohen, B. Dickson, S. Eaton, M. González-
Gaitán, E. Hafen, R. Holmgren, I. Guerrero, P. Lawrence, H. Oda, P. ten Dijke and
The Bloomington Drosophila Stock Center for fly stocks and antibodies, V. Dudu
and M. Gonzalez-Gaitan for advice on preparing cross sections of wing imaginal
discs, and C. Dahmann for critical comments on the manuscript.
REFERRENCES
69
6.  References
Adachi-Yamada, T., Fujimura-Kamada, K., Nishida, Y., and Matsumoto, K. (1999). Distortion of
proximodistal information causes JNK-dependent apoptosis in Drosophila wing. Nature 400, 166-
169.
Adachi-Yamada, T., and O'Connor, M. B. (2002). Morphogenetic apoptosis: a mechanism for
correcting discontinuities in morphogen gradients. Dev Biol 251, 74-90.
Altabef, M., Clarke, J. D., and Tickle, C. (1997). Dorso-ventral ectodermal compartments and origin
of apical ectodermal ridge in developing chick limb. Development 124, 4547-4556.
Arora, K., Dai, H., Kazuko, S. G., Jamal, J., O'Connor, M. B., Letsou, A., and Warrior, R. (1995).
The Drosophila schnurri gene acts in the Dpp/TGF beta signaling pathway and encodes a
transcription factor homologous to the human MBP family. Cell 81, 781-790.
Bantignies, F., Grimaud, C., Lavrov, S., Gabut, M., and Cavalli, G. (2003). Inheritance of Polycomb-
dependent chromosomal interactions in Drosophila. Genes Dev 17, 2406-2420.
Barrio, R., and de Celis, J. F. (2004). Regulation of spalt expression in the Drosophila wing blade in
response to the Decapentaplegic signaling pathway. Proc Natl Acad Sci U S A 101, 6021-6026.
Barrio, R., de Celis, J. F., Bolshakov, S., and Kafatos, F. C. (1999). Identification of regulatory
regions driving the expression of the Drosophila spalt complex at different developmental stages.
Dev Biol 215, 33-47.
Basler, K., and Struhl, G. (1994). Compartment boundaries and the control of Drosophila limb
pattern by hedgehog protein. Nature 368, 208-214.
Bijlsma, M. F., Spek, C. A., and Peppelenbosch, M. P. (2004). Hedgehog: an unusual signal
transducer. Bioessays 26, 387-394.
Blair, S. S. (1995). Compartments and appendage development in Drosophila. Bioessays 17, 299-
309.
Blair, S. S. (2003). Lineage compartments in Drosophila. Curr Biol 13, R548-551.
Blair, S. S., Brower, D. L., Thomas, J. B., and Zavortink, M. (1994). The role of apterous in the
control of dorsoventral compartmentalization and PS integrin gene expression in the developing wing
of Drosophila. Development 120, 1805-1815.
Blair, S. S., and Ralston, A. (1997). Smoothened-mediated Hedgehog signalling is required for the
maintenance of the anterior-posterior lineage restriction in the developing wing of Drosophila.
Development 124, 4053-4063.
Breen, T. R., Chinwalla, V., and Harte, P. J. (1995). Trithorax is required to maintain engrailed
expression in a subset of engrailed-expressing cells. Mech Dev 52, 89-98.
Brook, W. J., and Cohen, S. M. (1996). Antagonistic interactions between wingless and
decapentaplegic responsible for dorsal-ventral pattern in the Drosophila Leg. Science 273, 1373-
1377.
Brook, W. J., Diaz-Benjumea, F. J., and Cohen, S. M. (1996). Organizing spatial pattern in limb
development. Annu Rev Cell Dev Biol 12, 161-180.
REFERRENCES
70
Bruckner, K., Perez, L., Clausen, H., and Cohen, S. (2000). Glycosyltransferase activity of Fringe
modulates Notch-Delta interactions. Nature 406, 411-415.
Brummel, T. J., Twombly, V., Marques, G., Wrana, J. L., Newfeld, S. J., Attisano, L., Massague, J.,
O'Connor, M. B., and Gelbart, W. M. (1994). Characterization and relationship of Dpp receptors
encoded by the saxophone and thick veins genes in Drosophila. Cell 78, 251-261.
Bryant, P. J. (1970). Cell lineage relationships in the imaginal wing disc of Drosophila melanogaster.
Dev Biol 22, 389-411.
Burke, R., and Basler, K. (1996). Dpp receptors are autonomously required for cell proliferation in
the entire developing Drosophila wing. Development 122, 2261-2269.
Campbell, G., and Tomlinson, A. (1999). Transducing the Dpp morphogen gradient in the wing of
Drosophila: regulation of Dpp targets by brinker. Cell 96, 553-562.
Capdevila, J., and Guerrero, I. (1994). Targeted expression of the signaling molecule decapentaplegic
induces pattern duplications and growth alterations in Drosophila wings. Embo J 13, 4459-4468.
Chung, M. S., Kim, H. J., Kang, H. S., and Chung, I. H. (1995). Locational relationship of the
supraorbital notch or foramen and infraorbital and mental foramina in Koreans. Acta Anat (Basel)
154, 162-166.
Cook, O., Biehs, B., and Bier, E. (2004). brinker and optomotor-blind act coordinately to initiate
development of the L5 wing vein primordium in Drosophila. Development 131, 2113-2124.
Couso, J. P., Bate, M., and Martinez-Arias, A. (1993). A wingless-dependent polar coordinate system
in Drosophila imaginal discs. Science 259, 484-489.
Couso, J. P., and Martinez Arias, A. (1994). Notch is required for wingless signaling in the epidermis
of Drosophila. Cell 79, 259-272.
Crick, F. H., and Lawrence, P. A. (1975). Compartments and polyclones in insect development.
Science 189, 340-347.
Crozatier, M., Glise, B., Khemici, V., and Vincent, A. (2003). Vein-positioning in the Drosophila
wing in response to Hh; new roles of Notch signaling. Mech Dev 120, 529-535.
Crozatier, M., Glise, B., and Vincent, A. (2002). Connecting Hh, Dpp and EGF signalling in
patterning of the Drosophila wing; the pivotal role of collier/knot in the AP organiser. Development
129, 4261-4269.
Dahmann, C., and Basler, K. (1999). Compartment boundaries: at the edge of development. Trends
Genet 15, 320-326.
Dahmann, C., and Basler, K. (2000). Opposing transcriptional outputs of Hedgehog signaling and
engrailed control compartmental cell sorting at the Drosophila A/P boundary. Cell 100, 411-422.
Davis, I., Girdham, C. H., and O'Farrell, P. H. (1995). A nuclear GFP that marks nuclei in living
Drosophila embryos; maternal supply overcomes a delay in the appearance of zygotic fluorescence.
Dev Biol 170, 726-729.
de Celis, J. F., and Barrio, R. (2000). Function of the spalt/spalt-related gene complex in positioning
the veins in the Drosophila wing. Mech Dev 91, 31-41.
de Celis, J. F., Barrio, R., and Kafatos, F. C. (1996). A gene complex acting downstream of dpp in
Drosophila wing morphogenesis. Nature 381, 421-424.
REFERRENCES
71
del Alamo Rodriguez, D., Felix, J. T., and Diaz-Benjumea, F. J. (2004). The role of the T-box gene
optomotor-blind in patterning the Drosophila wing. Developmental Biology 268, 481-492.
Diaz-Benjumea, F. J., and Cohen, S. M. (1993). Interaction between dorsal and ventral cells in the
imaginal disc directs wing development in Drosophila. Cell 75, 741-752.
Diaz-Benjumea, F. J., and Cohen, S. M. (1995). Serrate signals through Notch to establish a
Wingless-dependent organizer at the dorsal/ventral compartment boundary of the Drosophila wing.
Development 121, 4215-4225.
Doherty, D., Feger, G., Younger-Shepherd, S., Jan, L. Y., and Jan, Y. N. (1996). Delta is a ventral to
dorsal signal complementary to Serrate, another Notch ligand, in Drosophila wing formation. Genes
Dev 10, 421-434.
Entchev, E. V., Schwabedissen, A., and Gonzalez-Gaitan, M. (2000). Gradient formation of the TGF-
beta homolog Dpp. Cell 103, 981-991.
Fietz, M. J., Concordet, J. P., Barbosa, R., Johnson, R., Krauss, S., McMahon, A. P., Tabin, C., and
Ingham, P. W. (1994). The hedgehog gene family in Drosophila and vertebrate development. Dev
Suppl, 43-51.
Figdor, M. C., and Stern, C. D. (1993). Segmental organization of embryonic diencephalon. Nature
363, 630-634.
Fishell, G., Mason, C. A., and Hatten, M. E. (1993). Dispersion of neural progenitors within the
germinal zones of the forebrain. Nature 362, 636-638.
Fraser, S., Keynes, R., and Lumsden, A. (1990). Segmentation in the chick embryo hindbrain is
defined by cell lineage restrictions. Nature 344, 431-435.
Frisch, S. M., and Screaton, R. A. (2001). Anoikis mechanisms. Curr Opin Cell Biol 13, 555-562.
Funakoshi, Y., Minami, M., and Tabata, T. (2001). mtv shapes the activity gradient of the Dpp
morphogen through regulation of thickveins. Development 128, 67-74.
Garcia-Bellido, A. (1966). Pattern reconstruction by dissociated imaginal disk cells of Drosophila
melanogaster. Dev Biol 14, 278-306.
Garcia-Bellido, A., and Merriam, J. R. (1971). Parameters of the wing imaginal disc development of
Drosophila melanogaster. Dev Biol 24, 61-87.
Garcia-Bellido, A., Ripoll, P., and Morata, G. (1973). Developmental compartmentalisation of the
wing disk of Drosophila. Nat New Biol 245, 251-253.
Garcia-Bellido, A., and Santamaria, P. (1972). Developmental analysis of the wing disc in the mutant
engrailed of Drosophila melanogaster. Genetics 72, 87-104.
Glise, B., Jones, D. L., and Ingham, P. W. (2002). Notch and Wingless modulate the response of cells
to Hedgehog signalling in the Drosophila wing. Dev Biol 248, 93-106.
Grieder, N. C., Nellen, D., Burke, R., Basler, K., and Affolter, M. (1995). Schnurri is required for
Drosophila Dpp signaling and encodes a zinc finger protein similar to the mammalian transcription
factor PRDII-BF1. Cell 81, 791-800.
Grimm, S., and Pflugfelder, G. O. (1996). Control of the gene optomotor-blind in Drosophila wing
development by decapentaplegic and wingless. Science 271, 1601-1604.
REFERRENCES
72
Guillen, I., Mullor, J. L., Capdevila, J., Sanchez-Herrero, E., Morata, G., and Guerrero, I. (1995). The
function of engrailed and the specification of Drosophila wing pattern. Development 121, 3447-3456.
Hadorn, E., Anders, G., and Ursprung, H. (1959). Combination derived from partial dissociated
imaginal disks of various mutants and types of Drosophila. J Exp Zool 142, 159-175.
Hama, C., Ali, Z., and Kornberg, T. B. (1990). Region-specific recombination and expression are
directed by portions of the Drosophila engrailed promoter. Genes Dev 4, 1079-1093.
Harland, R. M. (1994). Neural induction in Xenopus. Curr Opin Genet Dev 4, 543-549.
Hidalgo, A. (1994). Three distinct roles for the engrailed gene in Drosophila wing development. Curr
Biol 4, 1087-1098.
Irvine, K. D., and Rauskolb, C. (2001). Boundaries in development: formation and function. Annu
Rev Cell Dev Biol 17, 189-214.
Jazwinska, A., Kirov, N., Wieschaus, E., Roth, S., and Rushlow, C. (1999). The Drosophila gene
brinker reveals a novel mechanism of Dpp target gene regulation. Cell 96, 563-573.
Kispert, A., Herrmann, B. G., Leptin, M., and Reuter, R. (1994). Homologs of the mouse Brachyury
gene are involved in the specification of posterior terminal structures in Drosophila, Tribolium, and
Locusta. Genes Dev 8, 2137-2150.
Kornberg, T., Siden, I., O'Farrell, P., and Simon, M. (1985). The engrailed locus of Drosophila: in
situ localization of transcripts reveals compartment-specific expression. Cell 40, 45-53.
Kuhnlein, R. P., Frommer, G., Friedrich, M., Gonzalez-Gaitan, M., Weber, A., Wagner-Bernholz, J.
F., Gehring, W. J., Jackle, H., and Schuh, R. (1994). spalt encodes an evolutionarily conserved zinc
finger protein of novel structure which provides homeotic gene function in the head and tail region of
the Drosophila embryo. Embo J 13, 168-179.
Larsen, C. W., Zeltser, L. M., and Lumsden, A. (2001). Boundary formation and compartition in the
avian diencephalon. J Neurosci 21, 4699-4711.
Lawrence, P. A., Casal, J., and Struhl, G. (1999). The hedgehog morphogen and gradients of cell
affinity in the abdomen of Drosophila. Development 126, 2441-2449.
Lawrence, P. A., and Morata, G. (1994). Homeobox genes: their function in Drosophila segmentation
and pattern formation. Cell 78, 181-189.
Lecuit, T., Brook, W. J., Ng, M., Calleja, M., Sun, H., and Cohen, S. M. (1996). Two distinct
mechanisms for long-range patterning by Decapentaplegic in the Drosophila wing. Nature 381, 387-
393.
Lee, J. J., von Kessler, D. P., Parks, S., and Beachy, P. A. (1992). Secretion and localized
transcription suggest a role in positional signaling for products of the segmentation gene hedgehog.
Cell 71, 33-50.
Lee, T., and Luo, L. (2001). Mosaic analysis with a repressible cell marker (MARCM) for
Drosophila neural development. Trends Neurosci 24, 251-254.
Letsou, A., Arora, K., Wrana, J. L., Simin, K., Twombly, V., Jamal, J., Staehling-Hampton, K.,
Hoffmann, F. M., Gelbart, W. M., Massague, J., and et al. (1995). Drosophila Dpp signaling is
mediated by the punt gene product: a dual ligand-binding type II receptor of the TGF beta receptor
family. Cell 80, 899-908.
REFERRENCES
73
Lunde, K., Biehs, B., Nauber, U., and Bier, E. (1998). The knirps and knirps-related genes organize
development of the second wing vein in Drosophila. Development 125, 4145-4154.
Martin-Castellanos, C., and Edgar, B. A. (2002). A characterization of the effects of Dpp signaling
on cell growth and proliferation in the Drosophila wing. Development 129, 1003-1013.
Marty, T., Muller, B., Basler, K., and Affolter, M. (2000). Schnurri mediates Dpp-dependent
repression of brinker transcription. Nat Cell Biol 2, 745-749.
Masucci, J. D., Miltenberger, R. J., and Hoffmann, F. M. (1990). Pattern-specific expression of the
Drosophila decapentaplegic gene in imaginal disks is regulated by 3' cis-regulatory elements. Genes
Dev 4, 2011-2023.
Micchelli, C. A., and Blair, S. S. (1999). Dorsoventral lineage restriction in wing imaginal discs
requires Notch. Nature 401, 473-476.
Milan, M., Perez, L., and Cohen, S. M. (2002). Short-range cell interactions and cell survival in the
Drosophila wing. Dev Cell 2, 797-805.
Milan, M., Weihe, U., Perez, L., and Cohen, S. M. (2001). The LRR proteins capricious and Tartan
mediate cell interactions during DV boundary formation in the Drosophila wing. Cell 106, 785-794.
Minami, M., Kinoshita, N., Kamoshida, Y., Tanimoto, H., and Tabata, T. (1999). brinker is a target
of Dpp in Drosophila that negatively regulates Dpp-dependent genes. Nature 398, 242-246.
Mohler, J. (1988). Requirements for hedgehod, a segmental polarity gene, in patterning larval and
adult cuticle of Drosophila. Genetics 120, 1061-1072.
Mohler, J., and Vani, K. (1992). Molecular organization and embryonic expression of the hedgehog
gene involved in cell-cell communication in segmental patterning of Drosophila. Development 115,
957-971.
Morata, G., and Lawrence, P. A. (1975). Control of compartment development by the engrailed gene
in Drosophila. Nature 255, 614-617.
Muller, B., Hartmann, B., Pyrowolakis, G., Affolter, M., and Basler, K. (2003). Conversion of an
extracellular Dpp/BMP morphogen gradient into an inverse transcriptional gradient. Cell 113, 221-
233.
Mullor, J. L., Calleja, M., Capdevila, J., and Guerrero, I. (1997). Hedgehog activity, independent of
decapentaplegic, participates in wing disc patterning. Development 124, 1227-1237.
Nellen, D., Affolter, M., and Basler, K. (1994). Receptor serine/threonine kinases implicated in the
control of Drosophila body pattern by decapentaplegic. Cell 78, 225-237.
Nellen, D., Burke, R., Struhl, G., and Basler, K. (1996). Direct and long-range action of a DPP
morphogen gradient. Cell 85, 357-368.
Neumann, C., and Cohen, S. (1997a). Morphogens and pattern formation. Bioessays 19, 721-729.
Neumann, C. J., and Cohen, S. M. (1997b). Long-range action of Wingless organizes the dorsal-
ventral axis of the Drosophila wing. Development 124, 871-880.
Ng, M., Diaz-Benjumea, F. J., Vincent, J. P., Wu, J., and Cohen, S. M. (1996). Specification of the
wing by localized expression of wingless protein. Nature 381, 316-318.
REFERRENCES
74
Padgett, R. W., St Johnston, R. D., and Gelbart, W. M. (1987). A transcript from a Drosophila pattern
gene predicts a protein homologous to the transforming growth factor-beta family. Nature 325, 81-
84.
Panin, V. M., Papayannopoulos, V., Wilson, R., and Irvine, K. D. (1997). Fringe modulates Notch-
ligand interactions. Nature 387, 908-912.
Penton, A., Chen, Y., Staehling-Hampton, K., Wrana, J. L., Attisano, L., Szidonya, J., Cassill, J. A.,
Massague, J., and Hoffmann, F. M. (1994). Identification of two bone morphogenetic protein type I
receptors in Drosophila and evidence that Brk25D is a decapentaplegic receptor. Cell 78, 239-250.
Pflugfelder, G. O., and Heisenberg, M. (1995). Optomotor-blind of Drosophila melanogaster: a
neurogenetic approach to optic lobe development and optomotor behaviour. Comp Biochem Physiol
A Physiol 110, 185-202.
Pflugfelder, G. O., Roth, H., and Poeck, B. (1992). A homology domain shared between Drosophila
optomotor-blind and mouse Brachyury is involved in DNA binding. Biochem Biophys Res Commun
186, 918-925.
Pflugfelder, G. O., Schwarz, H., Roth, H., Poeck, B., Sigl, A., Kerscher, S., Jonschker, B., Pak, W.
L., and Heisenberg, M. (1990). Genetic and molecular characterization of the optomotor-blind gene
locus in Drosophila melanogaster. Genetics 126, 91-104.
Phillips, R. G., and Whittle, J. R. (1993). wingless expression mediates determination of peripheral
nervous system elements in late stages of Drosophila wing disc development. Development 118, 427-
438.
Pignoni, F., and Zipursky, S. L. (1997). Induction of Drosophila eye development by
decapentaplegic. Development 124, 271-278.
Poole, S. J., Kauvar, L. M., Drees, B., and Kornberg, T. (1985). The engrailed locus of Drosophila:
structural analysis of an embryonic transcript. Cell 40, 37-43.
Porsch, M., Hofmeyer, K., Bausenwein, B. S., Grimm, S., Weber, B. H., Miassod, R., and
Pflugfelder, G. O. (1998). Isolation of a Drosophila T-box gene closely related to human TBX1.
Gene 212, 237-248.
Posakony, L. G., Raftery, L. A., and Gelbart, W. M. (1990). Wing formation in Drosophila
melanogaster requires decapentaplegic gene function along the anterior-posterior compartment
boundary. Mech Dev 33, 69-82.
Raftery, L. A., and Sutherland, D. J. (1999). TGF-beta family signal transduction in Drosophila
development: from Mad to Smads. Dev Biol 210, 251-268.
Raftery, L. A., Twombly, V., Wharton, K., and Gelbart, W. M. (1995). Genetic screens to identify
elements of the decapentaplegic signaling pathway in Drosophila. Genetics 139, 241-254.
Rank, G., Prestel, M., and Paro, R. (2002). Transcription through intergenic chromosomal memory
elements of the Drosophila bithorax complex correlates with an epigenetic switch. Mol Cell Biol 22,
8026-8034.
Rauskolb, C., Correia, T., and Irvine, K. D. (1999). Fringe-dependent separation of dorsal and ventral
cells in the Drosophila wing. Nature 401, 476-480.
REFERRENCES
75
Reim, I., Lee, H. H., and Frasch, M. (2003). The T-box-encoding Dorsocross genes function in
amnioserosa development and the patterning of the dorsolateral germ band downstream of Dpp.
Development 130, 3187-3204.
Reuter, D., Kuhnlein, R. P., Frommer, G., Barrio, R., Kafatos, F. C., Jackle, H., and Schuh, R.
(1996). Regulation, function and potential origin of the Drosophila gene spalt adjacent, which
encodes a secreted protein expressed in the early embryo. Chromosoma 104, 445-454.
Rhinn, M., and Brand, M. (2001). The midbrain--hindbrain boundary organizer. Curr Opin Neurobiol
11, 34-42.
Riddle, R. D., Johnson, R. L., Laufer, E., and Tabin, C. (1993). Sonic hedgehog mediates the
polarizing activity of the ZPA. Cell 75, 1401-1416.
Riesgo-Escovar, J. R., Jenni, M., Fritz, A., and Hafen, E. (1996). The Drosophila Jun-N-terminal
kinase is required for cell morphogenesis but not for DJun-dependent cell fate specification in the
eye. Genes Dev 10, 2759-2768.
Rodriguez, I., and Basler, K. (1997). Control of compartmental affinity boundaries by hedgehog.
Nature 389, 614-618.
Rosenblatt, J., Raff, M. C., and Cramer, L. P. (2001). An epithelial cell destined for apoptosis signals
its neighbors to extrude it by an actin- and myosin-dependent mechanism. Curr Biol 11, 1847-1857.
Ruberte, E., Marty, T., Nellen, D., Affolter, M., and Basler, K. (1995). An absolute requirement for
both the type II and type I receptors, punt and thick veins, for dpp signaling in vivo. Cell 80, 889-
897.
Rulifson, E. J., and Blair, S. S. (1995). Notch regulates wingless expression and is not required for
reception of the paracrine wingless signal during wing margin neurogenesis in Drosophila.
Development 121, 2813-2824.
Sanicola, M., Sekelsky, J., Elson, S., and Gelbart, W. M. (1995). Drawing a stripe in Drosophila
imaginal disks: negative regulation of decapentaplegic and patched expression by engrailed. Genetics
139, 745-756.
Saunders, J. W., Jr., and Gasseling, M. T. (1963). Trans-filter propagation of apical ectoderm
maintenance factor in the chick embrvo wing bud. Dev Biol 7, 64-78.
Scholpp, S., Lohs, C., and Brand, M. (2003). Engrailed and Fgf8 act synergistically to maintain the
boundary between diencephalon and mesencephalon. Development 130, 4881-4893.
Senti, K., Keleman, K., Eisenhaber, F., and Dickson, B. J. (2000). brakeless is required for lamina
targeting of R1-R6 axons in the Drosophila visual system. Development 127, 2291-2301.
Simmonds, A. J., Brook, W. J., Cohen, S. M., and Bell, J. B. (1995). Distinguishable functions for
engrailed and invected in anterior-posterior patterning in the Drosophila wing. Nature 376, 424-427.
Singer, M. A., Penton, A., Twombly, V., Hoffmann, F. M., and Gelbart, W. M. (1997). Signaling
through both type I DPP receptors is required for anterior-posterior patterning of the entire
Drosophila wing. Development 124, 79-89.
Sivasankaran, R., Vigano, M. A., Muller, B., Affolter, M., and Basler, K. (2000). Direct
transcriptional control of the Dpp target omb by the DNA binding protein Brinker. Embo J 19, 6162-
6172.
REFERRENCES
76
Slack, J. M. (1994). Inducing factors in Xenopus early embryos. Curr Biol 4, 116-126.
Sokal, R. R., and Rohlf, F. J. (1995). Biometry (New York, W.H. Freeman and Company).
Spemann, H., and Mangold, H. (2001). Induction of embryonic primordia by implantation of
organizers from a different species. 1923. Int J Dev Biol 45, 13-38.
Srinivasan, A., Roth, K. A., Sayers, R. O., Shindler, K. S., Wong, A. M., Fritz, L. C., and Tomaselli,
K. J. (1998). In situ immunodetection of activated caspase-3 in apoptotic neurons in the developing
nervous system. Cell Death Differ 5, 1004-1016.
Stathopoulos, A., Van Drenth, M., Erives, A., Markstein, M., and Levine, M. (2002). Whole-genome
analysis of dorsal-ventral patterning in the Drosophila embryo. Cell 111, 687-701.
Steinberg, M. S. (1963). Reconstruction of tissues by dissociated cells. Some morphogenetic tissue
movements and the sorting out of embryonic cells may have a common explanation. Science 141,
401-408.
Struhl, G., and Basler, K. (1993). Organizing activity of wingless protein in Drosophila. Cell 72, 527-
540.
Sturtevant, M. A., Biehs, B., Marin, E., and Bier, E. (1997). The spalt gene links the A/P
compartment boundary to a linear adult structure in the Drosophila wing. Development 124, 21-32.
Sun, Y. H., Tsai, C. J., Green, M. M., Chao, J. L., Yu, C. T., Jaw, T. J., Yeh, J. Y., and Bolshakov, V.
N. (1995). White as a reporter gene to detect transcriptional silencers specifying position-specific
gene expression during Drosophila melanogaster eye development. Genetics 141, 1075-1086.
Tabata, T. (2001). Genetics of morphogen gradients. Nat Rev Genet 2, 620-630.
Tabata, T., Eaton, S., and Kornberg, T. B. (1992). The Drosophila hedgehog gene is expressed
specifically in posterior compartment cells and is a target of engrailed regulation. Genes Dev 6, 2635-
2645.
Tabata, T., Schwartz, C., Gustavson, E., Ali, Z., and Kornberg, T. B. (1995). Creating a Drosophila
wing de novo, the role of engrailed, and the compartment border hypothesis. Development 121,
3359-3369.
Tada, M., and Smith, J. C. (2001). T-targets: clues to understanding the functions of T-box proteins.
Dev Growth Differ 43, 1-11.
Tanimoto, H., Itoh, S., ten Dijke, P., and Tabata, T. (2000). Hedgehog creates a gradient of DPP
activity in Drosophila wing imaginal discs. Mol Cell 5, 59-71.
Tepass, U., Godt, D., and Winklbauer, R. (2002). Cell sorting in animal development: signalling and
adhesive mechanisms in the formation of tissue boundaries. Curr Opin Genet Dev 12, 572-582.
Tickle, C., Alberts, B., Wolpert, L., and Lee, J. (1982). Local application of retinoic acid to the limb
bond mimics the action of the polarizing region. Nature 296, 564-566.
Tickle, C., and Eichele, G. (1994). Vertebrate limb development. Annu Rev Cell Biol 10, 121-152.
Tickle, C., Summerbell, D., and Wolpert, L. (1975). Positional signalling and specification of digits
in chick limb morphogenesis. Nature 254, 199-202.
Torres-Vazquez, J., Warrior, R., and Arora, K. (2000). schnurri is required for dpp-dependent
patterning of the Drosophila wing. Dev Biol 227, 388-402.
REFERRENCES
77
Tsuneizumi, K., Nakayama, T., Kamoshida, Y., Kornberg, T. B., Christian, J. L., and Tabata, T.
(1997). Daughters against dpp modulates dpp organizing activity in Drosophila wing development.
Nature 389, 627-631.
Vincent, J. P. (1998). Compartment boundaries: where, why and how? Int J Dev Biol 42, 311-315.
Voas, M. G., and Rebay, I. (2004). Signal integration during development: insights from the
Drosophila eye. Dev Dyn 229, 162-175.
Wiersdorff, V., Lecuit, T., Cohen, S. M., and Mlodzik, M. (1996). Mad acts downstream of Dpp
receptors, revealing a differential requirement for dpp signaling in initiation and propagation of
morphogenesis in the Drosophila eye. Development 122, 2153-2162.
Wieschaus, E., and Gehring, W. (1976). Clonal analysis of primordial disc cells in the early embryo
of Drosophila melanogaster. Dev Biol 50, 249-263.
Williams, J. A., Paddock, S. W., and Carroll, S. B. (1993). Pattern formation in a secondary field: a
hierarchy of regulatory genes subdivides the developing Drosophila wing disc into discrete
subregions. Development 117, 571-584.
Wilson, V., and Conlon, F. L. (2002). The T-box family. Genome Biol 3, REVIEWS3008.
Wright, D. A., and Lawrence, P. A. (1981). Regeneration of segment boundaries in oncopeltus: cell
lineage. Dev Biol 85, 328-333.
Wurst, W., and Bally-Cuif, L. (2001). Neural plate patterning: upstream and downstream of the
isthmic organizer. Nat Rev Neurosci 2, 99-108.
Xu, T., and Rubin, G. M. (1993). Analysis of genetic mosaics in developing and adult Drosophila
tissues. Development 117, 1223-1237.
Yamada, T., Takeda, Y., Kawasaki, Y., Yamamoto, M., Yamazaki, T., Yoshihira, K., Suzuki, T., and
Saito, Y. (1991). [Determination of thiabendazole (TBZ) in grapefruit]. Eisei Shikenjo Hokoku, 100-
105.
Zecca, M., Basler, K., and Struhl, G. (1995). Sequential organizing activities of engrailed, hedgehog
and decapentaplegic in the Drosophila wing. Development 121, 2265-2278.
Zecca, M., Basler, K., and Struhl, G. (1996). Direct and long-range action of a wingless morphogen
gradient. Cell 87, 833-844.
Zhang, H., Levine, M., and Ashe, H. L. (2001). Brinker is a sequence-specific transcriptional
repressor in the Drosophila embryo. Genes Dev 15, 261-266.
Zhou, L., Schnitzler, A., Agapite, J., Schwartz, L. M., Steller, H., and Nambu, J. R. (1997).
Cooperative functions of the reaper and head involution defective genes in the programmed cell
death of Drosophila central nervous system midline cells. Proc Natl Acad Sci U S A 94, 5131-5136.
Zimmerman, C. M., and Padgett, R. W. (2000). Transforming growth factor beta signaling mediators
and modulators. Gene 249, 17-30.
78
Versicherung
 
 Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulässige Hilfe
Dritter und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt
habe; die aus fremden Quellen direkt oder indirekt übernommenen Gedanken sind
als solche kenntlich gemacht. Die Arbeit wurde bisher weder im Inland noch im
Ausland in gleicher order ähnlicher Form einer anderen Prüfungsbehörde vorgelegt.
 
Shen, Jie 
Erklärung
 
 
Die vorliegende Arbeit wurde unter der wissenschaftlichen Betreuung von Herrn Dr.
Christian Dahmann in der Zeit von September 2001 bis Oktober 2004 im MPI-CBG.
Es haben keine frühen erfolglosen Promotionsverfahren stattgefunden.
Ich erkenne die Promotionsordnung der Fakultät Mathematik and
Naturwissenschaften  der Technischen Universität Dresden vom 16.04.2003 in
vollem Umfang an.
 
 Dresden, den 26 Juli 2004
Shen, Jie 
